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1. INTRODUCTION

Molecular properties and the effects of intermolecular

association have been investigated for rodlike PBT polymers and arti-

culated PBT and PBO polymers. Methods based on the use of the

polarized components of the total intensity light scattering described

in previous work 1-4 have been utilized along with additional methods

involving photon (auto-)correlation light scattering. Some results on

intermolecular quenching of fluorescence emission, measurements of the

partial specific volume, and the freezing point depression will also

be given. The latter reflects directly the protonation of the hetero-

cyclic polymers in the strong sulfonic acids used as solvents.

This section of the report is separated into several sections

including i) a compilation of equations used to analyze the total

integrated and photon correlation light scattering data; ii) a descrip-

tion of the experimental methods, with emphasis on the computer-based

light scattering apparatus used; iii) results of the physical-chemical

studies on PBT and the articulated PBT and PBO polymers; and iv) discus-

sion of the results. The principal conclusions are that PBT is a rodlike

chain, susceptible to formation of metastable aggregates that depend on

the dissolution-precipitation history of the polymer, and that the

articulated PBT and PBO polymers studied do not have rodlike conformations

in dilute solution, and also are susceptible to the formation of rodlike

aggregates.
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2. PHYSICAL-CHEMICAL CHARACTERIZATION

Characterization of a rodlike polymer and its model compound

by studies of the partial specific volume v and freezing point depres-

sion will permit assessment of the extent of the protonation of the

solute that leads to formation of the macroion and elucidate some of

the effects of this protonation on intermolecular interactions.

Evaluation of the extent of protonation from the freezing-point depres-

sion A9 requires interpretation of A@ by the relation

A0/Kf = Emi + mim Bi. + .. (I)
1]. ij ij

where Kf is a constant, the m . are the molalities of all species formed

on addition of the solute, and the B.. are interaction coefficients.3J

Since the m, include the conjugate ions formed on protonation of polymer

P by acid RSO 3H:

P+vRSOH - PH + vRSO
3 V 3

the extent of protonation v can be deduced. The coefficients B.. are1J

dominated by electrostatic interactions among the small ions6 7 These

may also influence v. For example, values of the excess volume AV

are sometimes negative and large for systems with electrostatic inter-

actions. Here, AVE is defined by the relation

2



V V I + V2 + AVE

for additivity of volumes V1 and V2 of solvent and solute to give the

E.
volume V of the solution. If AV is zero, v is equal to the

specific volume v of the solute.

In previous studiesI-3 the vertical and horizontal components

RVv and % v of the Rayleigh ratio, respectively, of the light scattered

with vertically polarized incident light have been determined and

analyzed with the expressions

(] + + (2a)

Kc • K -( ()(a0

(V) 5)82 ] +)2 f+ (2b)

Kc (Kc 0 +0(c) (3a)

(_cl - 5 T5 3

where c is the polymer concentration, A2 is the light scattering second

2

virial efficient, K is an optical constant, u is (RGh)2, with RG the

root-mean-square radius of gyration, h= (4rrn/ x0 ) sin e/2, and the func-

tions f. and the molecular anisotropy 6 depend on the ratio p/L of the

13
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persistence length p and the contour length L. The latter is M/ML,

where ML is the mass per unit length along the chain contour. Here, as

elsewhere, the superscript 0 denotes a quantity extrapolated to infinite

dilution. The mean-square radius of gyration may be obtained from

2 0 240
R= [713(cIv(O))°h

RG 3(°PH h.)

without knowledge of 6 (if 3 N 0 and f5 3 ), and from

2 0 20
RG = [3/(c/R•v(0) ]J(W)(6(c/Rv)/2h (5a)

J(5) = [I +4 3/ - 4 fl8+ 4 (5b)
55 1 ( f2 5)'

For rodlike molecules (L/p= 0), L is the length of the rod, and all
2

f. are unity.

Previous work has revealed that self-association of rodlike

chains in dilute solution has far more effect on Rv than on RHv.I-3

For example, frequently RHv is little affected by centrifugation

treatments that result in substantial change of Rv and 7,KcRvv/Zh

One consequence of this is that the apparent value of 3 determined from

the ratio (c/RVV(0) 0/(C/PH(0))0 can be seriously affected by associa-

tion, see below.

Photon-correlation light scattering offers a means to further

characterize the chain, and any intermolecular association through the

coherence time Th for the relaxation of fluctuations of the polarizabil-

ity of scattering volume elements. The intensity (auto-) correlation

4



g 2)(T) and the factorial moments n(r are accessible statistical

properties of the scattered light that provide measures of T h"8

Here,

g(2)(T) = (n0n n/(n)2 (6)

for T>0, and

n(r) = (n(n-l)... (n-r+l)>/(n)r (7)

where n is the number of photons scattered in a time interval ATT,

(n) is the average value of n, and subscripts 0 and T" indicate the

values of n for intervals separated by time T. For dilute solutions,

the experimental quantities g(2) (T) and n(r) can be related to T h' For

a monodisperse solute:
8

n(2)(y)- 1 = f(A)h(2 7 ) (8)

g(2) (r,Y)-I = f(A)q(2 7 ) Ig (l)(T/Th)12 (9)

Here y = AT/1hf(A) is a coherence factor fixed by the detector optics,

and

=sinh )2 (10)

h(y) = 2 (-e") (1)
7 2



For the usual case of an optically isotropic polymer studied in dilute

solutions under conditions with R h < 1, the amplitude correlation

function Ig(1 )(T) is given by

Ig(1)(T/Th)I = exp(-r/Th) (12)

h2-1
where the mutual diffusion coefficient Dm = (Th is expected to be

independent of h; Eqn. (12) has been used to obtain Eqns. 10 and 11.

Following the usual practice, Th is obtained from Eqn. (9)

by calculation of the first cumulant KI, for which (with Eqn. 12):

K h-2 h- 2 lir B-l2n(g(2)(T)-l) (Thh 2  (

1 2 T= Th/r=0

9
is expected to be independent of h unless RGh is greater than about I.

Evaluation of Tmh from Eqn. (8) can be accomplished by use of a bilogarith-

mic plot of log[n (2) M-l3 versus log ATh2 to determine the value Ar*

of the sample interval for which the crossover of Eqn. (11) from its

limiting value f(A) for small AT to its asymptotic form f(A)/A'T for

large •A to give Th = AT

For heterodisperse solute these relations are more complex.

For example, at low concentrations,

n(2)((7))_I = f(A)F7Zr.r.h £(r.+7J) (14)
ij6j

6



with 7i = A•/(Th)i, and the r. representing the fraction of light

scattered by solute with coherence time (Th)i. The sums run

over all components, with Zr. = 1. Similarly,

g(2) (T)-l = f(A)Z. Zr irq (yi+ j ) g(1)(T) i g(1)(T) j (15)

i j

with Ig(1)(T)ji = exp[-T/(Th)i]. Analysis of these relations will

result in average values of the Trh. For example, use of the first

cumulant leads to the result

(Th>g(2) 2 T r.r.E T + T l (16)

Lii hi h, J

whereas use of AT gives

(hii Th~ i (17)
h)nh (2) = 2 Zr r. hri iThj(

ni j •h i+h, j

(In Eqn. (16) it is assumed that q(7/2) = q(7) = 1, which is the usual

condition used to study g(2) (T)).

An associated species may have Th much larger than that

for the dissociated components. In the extreme, with only two such

components having a wide disparity between values of ThW Eqn. (14)

and (15) reduce to the results for the scattering from a solute mixed

with light from a local oscillator, which gives
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n (2)(y)- = f(A)[2r(l-r)h(y)+r 2h(2y)3 (18)

3P(2) (T Y)-I = f(A)[2r(l-r)q(y/2)jg(1)()
(2 (T)l

+ r2 q(y)lg(l)(T)I23 (19)

where l-r is the fraction of light from the local oscillator. (Equa-

tions 18 and 19 may be obtained from Eqn. 14 and 15 for the special

case of two components, with 7 = 0 for one component). The presence

of a local oscillator may not be readily apparent for data on n(2)( 7 )

and g(2)(T,Y) determined at fixed h, unless f(A) is known for the

instrument. For example, the composite function for n(2)(y)-l has

nearly the same form on a bilogarithmic plot as h( 7 ), so that the

principal effect of the local oscillator is to increase AT , such

that T h is given by

2-r *2-r AT 
(20)

and to decrease the limiting value of n(2) (7)-l at small 7 from f(A)

to r(2-r)f(A). Similarily, the first cumulant is decreased, with Trh

given by

lh = I/(2-r)K1  (21)

and g(2)(0)M- is decreased by the factor r(2-r). If r is small, the

estimates of T h based on AT and K1 would be the same, so that only

8



the apparent decrease of f(A) would indicate the presence of the local

oscillator for the data at fixed h. Because the scattering from large

particles is most intense at small angles, r would be expected to increase

with h, so that evaluation of K and AT as a function of h is another

means to detect the local oscillator, if it is known that hRG is small

enough so that h K and h 2AT should be independent of h.



3. EXPERIMENTAL

3.1 Materials

Rodlike polymers used in this study include poly(l,4-phenylene-

2,6-benzobisthiazole), PBT:

N

poly(l,4-phenylene-2,6-benzobisoxazole), PBO:

0 

0}ZCK 00a N

and poly(l,4-phenylene terephthalamide), PPTA. Polymer identifications

and values of [n3 for solutions in methane sulfonic acid are listed in

Table I. Sources include SRI International (J.F. Wolfe), PBT 31, 43,

72-7 and 72-8; the Air Force Materials Laboratory, Polymer Branch

(F.E. Arnold), PBO 2 and 6; our laboratory (D. B. Cotts), PBO

160/1, 3, 4, 5 and 8; and Centre de'Recherches sur les Macromolecules,

Strasbourg (C. Strazielle), PPTA 2. The PBO 160 series were prepared
10

in a study of the kinetics of the polymerization reaction. Methods

11-12used to prepare the other PBO and PBT polymers are described elsewhere.

Characterization of the PPTA polymer used will be described elsewhere.13

10



The model compounds with structures

Ns N

PBT Model

0 0

N N'ý

PBO Model

were received from Air Force Materials Laboratory (F.E. Arnold).

Crystallographic studies show these to be nearly planar in the crystal

with lengths I.71Q and 1.65S nm for the PBT and PBO models, respectively.

The two samples of PBT 72 differ only in the post-polymeriza-

tion processing. Aliquots from a polymerization carried out in poly-

phosphoric acid, PPA, were given different treatments in recovering the

dry polymer. With PBT 72-8 the polymer was precipitated in water

directly from PPA, extensively washed and then dried under vacuum.

With PBT 72-7, the PPA solution was diluted with methane sulfonic acid,

precipitated in water, extensively washed and then dried under vacuum.

Articulated PBT and PBO copolymers were received from Air'Force

Materials Laboratory (R. Evers). These were prepared by copolymerization

of the usual PBO or PBT monomers with one of four dicarboxylic acids that

resulted in structures with a fraction n of the phenylene moities of PBO

or PBT by one of the aromatics following moities as shown in Table 2.

11
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Solvents were distilled under reduced nitrogen pressure, and

stored under nitrogen prior to use.

3.2 Freezing Point Depression

Melting temperatures T were determined by methods describedm

in detail elsewhere. Fresh 100 percent sulfuric acid was prepared by

the method given previously. The relatively high viscosity of the

polymer solutions required care to avoid breakage of the helical glass

stirrer used in the cryostat. Melting temperatures determined from

heating curves were recorded to 0.001 C using a platinum resistence

thermometer with 0.00010 C accuracy.

3.3 Partial Specific Volume

Densities were determined with a Sodev Densimeter (Model 02D)

equipped with a stainless steel hollow vibrating fork. The

vibration period P of the fork filled with the test fluid was

determined to within + 50 4s. The difference AP between the periods

measured for two fluids is proportional to the difference A p of their

densities:15

Ap = 2KPAP (22)

where K is a calibration constant (4.89xI0-7 g/ml(gs) 2) and P is the

average period. The partial specific volume v is calculated from the

variation of A p/c with concentration, with one of the fluids being the

solvent with density ps:

c - ..S 0 + 2 0 c + (23)
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Since

c k.c - 1-c• 
(24)

c ~ n I

(where nI is the number of solvent molecules)

-0the data give v by extrapolation to infinite dilution:

-1 0 1 (.••Oc

- ) Ps v + ( c+ (25)

3.4 Light Scattering Apparatus

The light scattering apparatus is shown schematically in

Fig. 1. It is equipped with a data acquisition and processing system,

DAPS, by Science Research Systems of Troy (Model DAS 6 ). Other compo-

nents include an argon-ion laser with etalon (Lexel Model 85), a He-Ne

laser (Spectra-Physics Model 120), a photomultiplier with an S-2 photo-

cathode (ITT, FW-130-RF), a photomultiplier housing (Products for

Research, Inc.) and a discriminator amplifier (SSR Instruments Co.).

Optical components allow for beam alignment, rotation of the polarization

plane of the incident beam (one-half wave plate), beam spreading for total

intensity measurements, transfer of an auxillary light beam to the photomul-

tiplier with an optical fiber (Oriel Corp., Model 7167), definition of the

scattering volume by slits SH and SV, collimation of the accepted rays by

pinhole P, selection of the wavelength of the light impinging on the

photomultiplier by use of interference filters for fixed or variable

bandpass, e.g., Oriel Corp., Model 7155, or fixed band rejection (to

14



eliminate light with wavelength of the incident beam), and an analyzer

to select the polarization of the scattered beam.

In the mode used here, the DAPS, which is based on a Texas

Instruments 980B computer, acquires pulses in each of 4,736 intervals

of length Ar, with a deadtime of 25 ns included in each interval; the

number of pulses per interval can be large as 215. The full auto-

correlation function G(2) is computed over the primary data base of

212 intervals to give a correlation with up to 512 points spaced at

intervals of Ar. Usually, a 16 point correlation was used in this

work. After each acquisition cycle, the unnormalized correlation

G(2)(kAT) and the mean count rate are calculated as

(2ni+ k(26)

i

T

(n)> T.( Z n .) (27)

12
where k = 0, 1, 2, ... and T= 2 . The acquisition and calculation

cycle is repeated M times, and averaged in the form

G )(kA) Z G j(kl) (28)
GM (') M j=l1

(n2M 1I
( > M 2 <n) (29)

and the unnormalized factorial moments are calculated over the data

base of TM intervals as

15



N(= 1TM
N TM n(n-l)"<" (n-r+l)3i (30)

N()= n> (31)

The distribution P(n,y7) of photon pulses per interval is also computed

over the data base of TM intervals. If P(ny) is the same for each of

the M data sets, then <\n>e>M and (n>2 are equal. If the P(n,y) differ

(e.g., because of scattering from 'dust' in a few of the M sets), then

(<n>e>M ýý (n>

Further data processing includes calculation of g(2) (T) and

n(r). For the former ((n) >M is used to give

g (2)(kAT) 2) (kAT)/<<n> 2M ; k > 0 (32)

G(2)(0)- <n>
(2)() = (33)

<(n> 2,

It may be remarked that the use of (<n>2 )M rather than <n)2 or G(2)(W)

to normalize G (2)() is not trivial for realistic data, owing to the

effects of noise and drift, etc. 8 Values of g(2)(T) calculated with

Eqn. (52) exhibit the expected property that g (2)() tends to unity,

even under conditions for which <(n) >M > (n>> An estimate for K

is calculated by least-squares fit of Psz( g(2)(T)-l) versus T, using

the correlation points for k from 1 to 7. With the algorithm in use in

the DAPS, the time At per correlation point required to compute

16



G(2)(kAT) is fixed (80 ms) for (n) larger than 2, but decreases with decreas-

ing (n) for smaller (n). Consequently, the efficiency (1+c At/2 12AT)I

varies with AT, (n) and the number Cofcorrelation points calculated, but

generally ranges from 0.2 to nearly unity, with values being about 0.8 or

greater for typical experiments.

The factorial moments are calculated as

n(r) = N(r)/(N(l))r (34)

Usually, P(n,y) is closely given by the approximate two-parameter

function: 16

P(n,y) = nr(T m + -n (35)

so that

n(r) = m(m+l)... (m+r-l) (36)
rm

Examples of comparison of Eqn. (35) with experimental P(n,y) are given

in Fig. 2 for several values of AT/T h. Distortion of P(n,y) by

excessive scattering during a few of the sampling intervals can result

in values of n(5) far larger than the estimate given by Eqn. (36) with

m calculated from n(2), providing a test for the internal consistency
Sg~(2)(

of the data. Another test is provided by comparison of g (0) with

n(2) (0). These should be equal, but may differ if P(n,y) varies sub-

stantially among the M data sets.

17



The function f(A) is fixed by the detector optics. In the

optical system used in this study, f(A) is principally determined by

the pinhole P, and is less dependent on slits SH and SV. Pinholes

from 100 to 1000 4m diameter are used in this study. Typical data

for f(A) as a function of the pinhole diameter are given in Fig. 3,

along with a theoretical estimate for f(A).8

In most of the photon correlation studies reported here,

conditions were selected to give f(A) in the range 0.1 -0.3. If f(A)

is much larger, then <n) tends to be so small that the time required

to acquire sufficient total counts TM(n> for acceptable error limits

on Th is excessive. If f(A) is much smaller, then the precision of

the experiment suffers. Theoretical treatment of this problem predicts
8

that such an optimum condition should obtain. An illustration of

the interplay of f(A) and TM<n> is given in Fig. 4. In this case,

f(A) was varied by variation of the pinhole, and by presence or

absence of a lens to focus the incident beam in the scattering cell.

Finally, although not used in this study, we note that the

optical fiber may be used to provide light to serve as a local oscil-

lator to mix with the scattered beam to force compliance with Eqns.

(18) and (19) (or the equivalents for heterodispersed solutes).

In total intensity experiments, the count rate <n>s of the

scattered light is determined with the use of a rotary chopper to

modulate the incident intensity, and the DAPS to determine and analyze

rG(2)(T). This permits elimination of the count rate (n)D due to

18



thermionic emission in the photomultiplier, room light, stray electri-

cal noise, etc., and, in one mode, provides a comparison to the count

rate (n)R proportional to the intensity of the incident light. The

chopper is comprised of two disks mounted coaxially on the shaft of a

200 RPM geared synchronous motor (300 ms period). The disks are

slotted such that in one orientation of the two disks, there are five

openings and five shutters of equal length, producing a train of

pulses with ((n) ±(n) D)T counts for duration Ts = 30 ms alternatingplewih(ns+ nD)s s

with (n>DTD average counts for duration TD = 30 ms (e.g., simple on-

off chopping at 1000 Hz). In a second orientation, the pulse train

is altered to be ((n>s+(n>D)Ts for Ds = 95 ms; (nDTD for TD = 95 ms;

((n)R+ (n>D)T R for TR 15 ms and (n>D TD for TD = 95 ms, with repeti-

tion every T s + 2D + TR = 300 ms. A mirror attached to the disk

supplies (n>R by reflecting the incident beam onto an optical fiber

(after the beam passes through neutral density filters). As noted

above, the optical fiber directs the beam onto the photomultiplier

through the detector optics (see Fig. 1). In the first mode, G(2)(T)

is a triangular function with period 2 Ts and peak-to-peak amplitude

(n>2/2. The slope bG (2)(T)/T = (n>2/2T determined in the range

2 .5Ts < T < 3Ts is used to compute (n>s. In the second mode the values

s and s of NG(2)(r)/bT determined, respectively, over the range

T < TR and TR < T < Ts are used to calculate (n>s/(n>R = [s1/(Sl-S I/2

Both of these methods eliminate extraneous photon counts ((n)D), and

the latter provide a comparison of the scattered and incident light

intensities every 300 ms.
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3.5 Light Scattering Methods

The two types of light scattering cells used in this study

are illustrated in Fig. 5. Each can be sealed under vacuum or closed

with a teflon cap, and centrifuged while suspended by flotation in a

centrifuge tube in a swinging-bucket rotor. The larger cell (ca 5 ml)

is used for total intensity experiments to permit the use of an inci-

dent beam with rectangular cross-section (3 x1 mm). This permits the

use of detector optics to limit the height of the scattered volume

accepted to less than the illuminated height to facilitate instrument

calibration. The smaller cell (ca 0.8 ml) is used for photon correlation

experiments. The small diameter of the cell suppresses convection

along the cell axis. This permits selective scattering experiments

along the cell axis following centrifugation to determine whether

fractionation of the solute occurred during centrifugation, see below.

In this study, solutions were filtered into the light scattering cells,

which were then sealed under vacuum.

The cells are immersed in a fluid with refractive index

close (± 0.02) to that of the scattering fluid. The immersion fluid

is held in a cylindrical cell with flat entrance and exit windows

(Brice-Phoenix, cylindrical light scattering cell) using teflon rings

at the top and bottom of the light scattering cell to position it.

The teflon rings and light scattering cell may be translated along the

axis of the cylindrical cell to permit measurements of the scattering

from different positions as described above. The cylindrical cell is

held in a concentric cylinder thermostat, with incident and scattered

rays passing through small (6 mm dia) ports.
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Calibration methods, corrections for absorption and fluores-

cence., scattering volume, etc. have been described previously.3 In

these experiments, the scattering from a solution of polystyrene in

butanone served as a secondary standard. In addition, the scattering

from the polystyrene solution was used to align the analyzer in the

RHv mode (by adjustment to give minimum scattering at 90 degree

scattering angle).

As discussed above, estimators for g(2)(TY) and n(r)(y),

r = 1-5, are calculated for each data set as a function of scattering

angle eusually over the range 30-135 deg. In most cases, the number

M of post-autocorrelation averages was adjusted so that the total

number of counts TM(n) was about 106 to calculate g(2)(',y), and 105

to calculate n(r) (y). The DAPS provides for automatic scan through e

and AT ranges to facilitate these measurements.

Since g(2) (T,7) should be unity for all T in the range used

here for fluorescence measurement of g(2) (, 7 ) for fluorescence (e.g.,

from the polymer solutions under study) provided a convenient means

to verify that the incident beam was free of modulation. In one case,

this test revealed modulation at about 1500 Hz found to be related

to residue in the water lines of the heat exchange for the laser head;

this preceded failure caused by leakage of water into the plasma tube.

Otherwise, the test showed g(2)(T) to be unity within + o.00•.

Since solutions of PBT absorb light at the wavelength used

in photon correlation studies, it was necessary to demonstrate that

this absorption did not affect the estimate of Th' In order to
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investigate this, g2 (2 ) (T was determined for a polystyrene solution

in butanone, and for the same solution with an amount of dye (violet

red) added to bring the optical density to a level typical of PBT

solutions. The incident beam was not focused in the cell, and detector

optics were adjusted to give f(A) about 0.2. The estimate for K h22

which was independent of h, was not affected by the dye. If the beam

was focused in the cell, then the transmitted incident beam was diffracted into

a series of concentric rings with diameter that increased linearly with

the incident beam intensity. With more strongly absorbant solutions,

these rings can also appear with the unfocused incident beam. Under

severe conditions, g(2) (T) is distorted by a periodic modulation with

a frequency that increases with increasing incident light intensity,

see, for example, Fig. 6. These effects, which are attributed to

thermal gradient with nearly cylindrical symmetry about the incident

17
beam direction, were avoided in the data reported herein.

3.6 Fluorescence And Absorption Spectroscopy

The fluorescence emission was determined at 90 degree

scattering angle using the laser as the incident source, and a square

cell (10 xI0 mm) for the solution. The cell was mounted on a stage

to permit its translation along the directions of the incident and

scattered beams. For this geometry,the ratio of the count rate Wn Fl

for the fluorescent emission to the count rate (n)STD for a standard

material is
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((n>FI/(n)STD)P = 4XcKOQ(c)expE-(4,•+ýt,,' )c]S(pLxcAl )S(ix ,cAA') (37a)

sinh(x/2) (37b)S x/2)

where and ýt, are the extinction coefficients at the wavelengths

X and X' of the incident and emitted light, with path lengths A and

A' respectively, measured from the center of the scattering volume,

AA is the length of the incident beam accepted by the detector, AA

is the width of the incident beam, K0 is the quantum efficiency of the

fluorescence at infinite dilution (in relative units), and Q(c) accounts

for concentration dependent quenching. Use of the translation stage

permits evaluation of ýi and •L' by study of (n>Fl/(n)STD as a function

of A and A', and allows extrapolation to the condition J=A' =0 for
0

evaluation of Q(c) and K . For the conditions of interest here,

ýAcAA /2 and 4•IcAA'/2 are small enough to permit the factors S to be

replaced by unity.

The right-angle geometry described above was used for

excitation wavelengths such that II c was less than about 0.5 (mm)I

(with a 10 mm cell). Fluorescence measurements were also made with

excitation wavelengths such that •tc was of order 10 2(mm) -. In this

C: case, the incident beam was at an angle of 0-20 degs with the front

face of the cell, and the fluorescence emitted back toward the incident

beam was detected, such that the acute angle a between the inward

incident beam and outward emitted beam was about 20 deg. If a is
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zero, then

((n>FI(nST)B - 0K+ Q(c)fl-exp[-4 +ý, )Lc]3 (38)
(nFl/( STD) B ~ ~

where L is the path length from front to rear of the cell (e.g., 10 mm).

Since this geometry was used only when 4Xc was so large that the term

in brackets could be replaced by unity, Eqn. (38) provided a useful

approximation even though a was not zero.

The emission wavelength was selected by use of an interfer-

ence filter chosen to match the maximum wavelength of the fluorescence

emission. Since this filter prevents light with the incident wave-

length from reaching the photomultiplier, the detection scheme with

chopping at 1000 Hz (e.g., triangular G (2)())was employed to measure

(n>Fl and the scattering (n>STD from a standard (the latter was

measured at the incident wavelength). Since the instrument response

was not calibrated over all wavelengths, the quantum efficiency K is

only expressed in relative units, e.g. K0 is the limiting value

(<(n> F/(n) 0T C •

In addition to the determination of •i and ýj mentioned

above in connection with studies of Q(c), the extinction coefficient

was also determined as a function of X with a Cary 219 spectrophoto-

meter.
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TABLE 1

RODLIKE POLYMERS USED IN THIS STUDY

[•(a) [•(a)

cm3/g cm.lg

PBT 31 200 PBO 160-i 20

PBT 43 960 PBO 16o-3 38

PBT 72-7 14o0 PBO 160-4 75

PBT 72-8 1770 PBO 160-5 170

PBO 160-8 520

PPTA 2 265 PBO 2 268

PBO 6 100

(a) Determined in methane sulfonic acid, 25 0 C.
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TABLE 2

ARTICULATED PBT AND PBO COPOLYNERSINVESTIGATED (a)

PBO Copolymers

i7k
n n

Sample Fraction -Ar- Inhr i Sample Fraction -Ar- •Inhr
-Ar- (dl/g) -Ar- (dl/g)

ii

59894-31 1 I 1.72 tj 292-80 0.10 II 5.24il

59894-37-2 0.25 1 1.94 292-86 0.05 II 6.81
It

59894-45-1 0.25 I 1.99 ii 292-71 0.05 II 6.92
Rh

352-4 0.10 I 7.o8 ii 292-88 0.10 111 5.44
hi

292-70 0.05 I 6.04 u 292-96 0.05 III 6.74hi
hi

292-59 o.o8 I 3.57 i 352-58 0.10 III 5.o4hh
II

352-54 0.05 I 8.58 ii 352-39 0.05 IV 4.07
II
ii

PBT Copolymers

352-18 0.10 1 12.02 ii
hi

352-34 0.10 II 4.60 HIII
ii

352-28 0.05 II 6.43 IIhi
ii
hI

352-36 0.10 IV 6.04 ih
li
ih

352-38 0.05 IV 8.01 |ii
hi

(a) See text for notation used to identify -Ar-moieties.
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Figure 1 Schematic diagram of light scattering apparatus showing the

principal components discussed in the text.
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Figure 2 The distribution P(n,y) determined, for a polystyrene solution for

several values of AT. Numbers on each curve givelogAT/Th. The
solId curves were constructed with Eqn. (35) using the experimental
n?2 to compute m-l=n .
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Figure 3 The coherence factor f(A) determined for several values of the
pinhole diameter D. The curve is a theoretical estimate, fitted
to the data by use of an arbitrary proportionality between i- and
the coherence area A..
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Figure 4 Example oflog(g()(T) -1) verpj T for several combinations of

pinhole diameter, number of G_ )(T) resultsaveraged, and the

presence or absence of a focusing lens in the incident beam. Thevalue of f(A) is entered on the diagram.
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a b

Figure 5 Light scattering cells used for a) total intensity scattering and
b) photon correlation scattering.
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Figure 6 Illustration of modulation effect on g(2)(Q) caused by excessive
heating on absorption of the incident beam; the dashed curve
represents gk2 )(T) for the same material obtained under conditions
to suppress the heating effect.
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4. RESULTS

4.1 Freezing Point Depression

Values of the melting temperature T determined for seven
m

materials are recorded in Table 3. As discussed in reference 7,

based on the work of Gillespie,5 evaluation of the degree of protona-

tion v is facilitated if the freezing point depression AO is calculated
0

with reference to a hypothetical melting temperature Tm that would

obtain if the solvent underwent no process of self-protonation, such as

2RSO H -'- RSO + + RS0

35 3H2  35

or other reactions of association and dissociation. For 100 percent

sulfuric acid, T 0 is 0.2540 C below the melting temperature 10.371 Cm

of the acid. The m. in Eqn. (1) must include all such ions. Thus,

Em. is given by summation of the molality m of the solute with

the molality (m i)xs of all other ions present. Since the latter is

known, say (EM)0  for 100 percent sulfuric acid, changes in (Emi)

reflect the v ions conjugate to the protonated solute. A graphical

method to estimate v from (Emi)xs is given in reference 7. Evaluation

of (Zmi)xs from AG requires estimation of the molal osmotic coefficient

(mi)xs KAf "ms (39)
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where AO = Tmm-T and for 100 percent sulfuric acid, Kf is 6.12, T0 ism m

10. 1170C. and

Z-m.m.B,.
+ I 1 +1m + ... (4o)

(l-o

Possible values of $ will be considered below. Estimates

of (zmi)xs calculated with $ equal to unity are listed in Table 2,

and used to estimate the corresponding values of v listed--for the

polymeric solute the degree of protonation is expressed as v' the

number of protons per repeating unit. For the polymeric solute, m

is so small that it may be neglected on the rhs of Eqn. (59). Thus,

for polymeric solutes, the estimate for (Zmi)xs is inversely proportional

to the $ used.

Values of v' calculated with ý= 1 are in the range 2-4 with

the exception of the data for the PBO polymers, for which v' is

calculated to be 8-12. If the large value of v' is ascribed to a

residual low molecular weight impurity that will itself become proto-

nated (e.g., water, which is tenaciously adsorbed by PBO), it is

possible to calculate the effect expected on AG and v' (with $= I).

For example, with PBO 2, the presence of one mole of such an impurity

per mole of PBO repeat unit (e.g., 6 weight percent) would reduce v'

to 3. With PBO, it is difficult to reduce the water content below 1-2

percent by heating in a vacuum, which was the method used here to dry

the solute. This estimate is based on the HU1 evolved when wet PBO

is dissolved in chlorosulfonic acid:
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P+mHL0+(n+m)ClSO H -- PH++nCISO+mH SO +mHCl
23 T- n 32 4

The presence of 2% water by weight would reduce v' to 5.2 for PBO-2

and 9.0 for PBO-6. Thus, such an impurity may offer a partial explana-

tion for the large values of v1 calculated for PBO.

4.2 Partial Specific Volume

Values of v are plotted versus solute concentration c in

Fig. 7. It may be seen that v is nearly independent of c over the

range studied. Extrapolated values of v at infinite dilution are

listed in Table 4, along with 2nv;/ýcwhich is small and positive. These

results indicate that the excess volume of mixing is negative, and

increases slightly with increasing c. Furthermore, v does not seem

to be very dependent on the ionic strength I of the solvent since

similar data are obtained with methane sulfonic acid (I - 0.05) and

chlorosulfonic acid (I , 0.002). The disparity between v0 and v is

considerably larger for the polymeric solutes than for the model

compounds, see below.

4.3 Fluorescence And Absorption Spectroscopy on PBT Polymers

Samples of PBT 72-7 and 72-8 have identical extinction

coefficients over the range 200 to about 450 rim (it is a maximum for

x= 425 nm), and for this range, • is the same for solutions in methane

and chlorosulfonic acids. At longer wavelengths, p. is about 103

smaller, distinctly different for the two samples, and depends on the

solvent. Absorption spectra are shown in Fig. 8a; the extinction
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coefficients do not depend on concentration. The fluorescence emission

is qualitative similar for 72-7 and 72-8, but differs quantitatively

for excitation in the long wavelength region. Uncorrected emission

spectra are given in Fig. 8b for excitation at 288, 476, 488 and 514 nm.

All were obtained as ((n)Fl/(n)STD)B. It is seen

that distinct spectra are obtained for excitation at 488 and 514

nM, whereas the spectrum for excitation at 476 nm appears to be that

obtained at 288 nm. Similar data were taken with the PBO polymers

studied. The spectra in Fig. 9a show that the principal absorption

band is the same for all PBO polymers, but that the absorption at

long wavelengths decreases with increasing chain length; as with PBT,

the extinction coefficients do not depend on concentration. The

emission spectra for excitation at 288, 488 and 633 nm are all distinctly

different, whereas that for excitation at 514 nm appears to be a

mixture of the spectra obtained at 488 and 633 nm. Apparently the

chromaphores are well isolated electronically, perhaps even on separate

moities corresponding to aggregated species, see below.

The fluorescence for 514 nm excitation was examined in more

detail by measurements of ((n>Fl/(n)STD)P as a function of 1, 4' and

c. A typical plot of ((n)Fl/(n>STDC)P versus Z used to extrapolate

to Z=0 is shown in Fig. 10, and plots of a[((n)Fl/(n)ZTD C)p IV =0

versus c are given in Fig. 11. Values of 4 and 4., calculated from

- (n < n nFl/<n>STD)P/a)', cand - 3(k ( n)Fl/(n)STD)P/a1' ), respect-

ively are given in Table 4 for PBT 72-7 and 72-8 along with K0

equal to ((n)Fl/(n>STDýXc)• . For convenience, the
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concentration dependent quenching was analyzed with Perrin
relation: 18,19

Q(c) = exp(-K qC) (41)

For small K c, the constant K is equivalent to K' in
q q q

the Stern-Volmer relation1 9

Q(c) = (l+K'c)" 1  (42)

frequently used to study Q(c). Values of K for 72-7 and 72-8 are
q

also listed is Table 5, and data for solutions of PBO are given

in Table 6. Similar values of K have been reported for solutions ofq

polybenzimidazole in acidic solvents. 2 0

Fluorescence and absorption was also determined for the

solutions used for total intensity light scattering. In this case

A=' = r, where r is the radius of the cell (7 mm), and K is smallq

compared with (4,±+4,,)r (see Table 6). Since fluorescence was

measured with an interference filter that attenuated light with wave-

length of the scattered light, but had high transmittance for light of

other wavelength, (n>Fl can be represented by the relation

((n (n ep( (4 P,,) c] • K t c. (43)
((n)Fl/(n)STD)P = Z PX' x uxiK i

where c= ci, 4±= zi ci/c for both 4 and 4,,, Kq has been neglected
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in comparison with (4, + 4,,)r, and P.' is the instrument response

function (including the response of photomultiplier, interference

filter, etc.). Solutions used for light scattering were examined after

being filtered into the cell through a fine porous frit, and again

after being centrifuged for 24 hours. Usually, ((n)Fl/(n>STD)P

increased slightly (about 10%) after centrifugation. As seen from

Eqn. (43), interpretation of this result is complex, owing to the

several effects that might occur. For the concentrations used,

((n>Flj(n>STD)P either increased or was not changed by increased c

(e.g., Eqn. (43) exhibits an extremum, but at higher c than used here).

Thus, the increase must be ascribed to preferential loss of some

strongly absorbant species. To simplify, consider only two species,

the completely dissolved polymer (2) and a large aggregate (1), with

c« << c2 . Then (n>FI/(n>STD will increase with loss of (1) if

EP., exp( -•L, rc)tIil + 4Xl)r[•c + [-X2K0 _- 2-1- > 0 (44)

This will obtain if l 1 MI is large enough (even if K 2 is zero).

Thus, the observed increase can be ascribed to the loss of strongly

absorbant aggregate species.

4.4 Light Scattering On PBT Polymers

4.4.1 Total Intensity Light Scattering

The total Rv scattering from solutions of PBT 72-7 and 72-8

was examined after one or a combination of treatments including:

1) preparation by dilution of a stock solution after
the latter was centrifuged for 24 hr (5,000 g);
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2) filtration through a fine sintered glass frit;

3) suspension in an oil bath in an ultrasonic field,
at about 50 0 c;

4) centrifugation for 24 hr (5,000 g), in the
light scattering cell.

All solutions used for light scattering received at least the second

treatment. Plots of log Rv vs h2 given in Fig. 12 show the effects

of some of these treatments on samples with concentration about 0.6

mg/ml, which is near the upper limit used in this study. Data in

Fig. 12 show substantial difference in the curvature of the scatter-

ing envelopes of two filtered solutions, with the data for 72-7 exhib-

iting extreme curvature at small h indicative of large moities (e.g.,
2)1/2

the apparent radius of gyration calculated as (3 "nRvv/ h2 )h= is

about 500 nm). The difference between the two samples is lessened

by use of precentrifuged stock solution, or by centrifugation of the

solution itself. Addition of sonication to the previous three treat-

ments resulted in only modest change in Rv"

Since the fluorescence emission is comparable to RHv for

excitation with light of 514 nm wavelength, RHv was measured only with

633 nm wavelength light, for which the fluorescence is much smaller.

Data for R~v and RHv for solutions of PBT 72-7 and 72-8 that received

all four treatments described above are given in Fig. 13. Typically,

the effect of centrifugation was much less on RHv than on RVv.

The angular data were extrapolated to zero angle in plots of

c/R versus h 2 with neglect of the behavior at small h. This treatment

has the effect of supressing the scattering from the large components
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present. Plots of c/R•v(0) and c/Rv(o) versus concentration are given

in Fig. 14, and the parameters determined from the data analysis are

collected in Table 7. The constant K, given by

K 2 ( T • 2n

X 2 )cC(n)

was evaluated with (ýn/Bc) = 0.56 ml/g determined by differential refracto-
13 -2

metry,13 and the refraction coefficient C(n) equal to n for the detector

optics employed.

4.4,2 Photon Correlation Light Scattering

Both n(2)(7) and g(2)(T) were determined for solutions of

PBT 72-7 and 72-8 in methane sulfonic acid. Each of the solutions

studied was treated by the four methods described above (e.g., precentri-

fugation of the solution). Illustrative data are shown in Fig. 15 for

n(2)(y), and Fig. 16 for g(2)(T)- It may be noted that the plot of

n(2)_l versus AT sin2 0/2 forms a single envelope for two values of

scattering angle for 72-8, but not for 72-7. This is indicative of

extreme polydispersity in 72-?. In order to investigate this

effect in more detail, the scattering was studied at two positions in

the scattering cell, separated along its length by about I cm. These

two positions represented regions of different centrifugal field for

the solution during centrifugation of the light scattering cell in a

swinging-bucket rotor. The results for (Th~ (2) sin 0/2 and

(Th>( 2 ) sin2 0/2 obtained in the experiments are given in Table 8.

Also listed are values of g 2 ) (0)-l and n(2)(O)_l. For well behaved

solutions (e.g., no associationor components with RGh > 1), estimates
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of (T h>g(2) and (Th>(2) would be independent of scattering angle or

position in the scattering cell, as would be g(2)(0) and n(2)(O).

Several features may be noted in Table 7, including (1) values

of (Th) (2) and (Th> (2) tend to be closer with sample 72-8 than with
72-7; (2) (nh>n(2)sin29/2, (Th> (2)sin28/2, g(2)(0) and n(2)(0) are

g
nearly independent of scattering angle and cell position for 72-8, but

vary greatly with these parameters for 72-7; and (3) at a given e ,

(Th> (2 ) and (Th>(2) tend to be larger, and n(2) (0) and g(2)(0) to be smaller

at the bottom than the top of the cell. Each of these is consistent with the

displacement of large moities (larger Th) toward the cell bottom during

centrifugation, with 72-7 evidently having more of these species present

than does 72-8. Sedimentation of polymeric aggregate in methane sulfonic

acid solutions is in accord with values of Ap/c given above.

The low values of g(2)(0) and n (2)(0) observed for scattering

at the bottom of position at 45 degree scattering angle (e.g., data for

72-8) suggest that the large moities are nearly immobile, acting as sources

for a local oscillator (Th = 0) mixing with the other scattered light.

Accordingly, (Th> is larger than other values obtained by other condi-

tions. For example, the value observed for g(2)(0) gives r= 0.3 for

the data on 72-8 at 45 degree and cell bottom if interpreted with

20
Eqn. (19). Use of this estimate in Eqn. (21) reduces (T ( in(21 ('h (2 )s'

to 0.45 msec, which is closer to the other data for 72-8. It is

important that experiments be carried out under optical conditions for

which f(A) is known to enable assessments of this type.
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Values of (Th> (2) and (Th>g(2) obtained at the top position

of the cell are given in Table 9 for several concentrations of 72-7 and

72-8. Values of [(Th>sin2 5] are extrapolated to infinite dilution

in Fig. 17 for 72-8, using averaged values of (T h> obtained from the

data on (<T>n(2 ) on (Th> (2) in Table 9. The data (at 250 C) extrapo-
hn g 0 2 2

late with positive slope to give (Th>0 h = 0.60 ps (nm)- or a

molecular friction coefficient

.*= kT(rh>Oh (45)

given by .O/?s = 250 nm (the solvent viscosity 17s is 0.010 Pa s at 250 C).

The data for the lowest concentration are not used in these estimates

since n(2) (O) and g(2)(0) were unusually small for that solution; this

may indicate that r is less than unity for the scattering from these

solutions, which would require a correction to Th, as discussed above.

4.5 Investigation Of Articulated Copolymers

4.5.1 1Phase Equilibria

Each of the articulated copolymers was examined in a solution

with 7-9 weight percent polymer to determine whether the solution was

optically isotropic or anisotropic and, if isotropic, whether flow bire-

fringence could be easily developed. The results given in Table 10 show

that the tendency to form nematic solutions is variable, and not in a

simple relation to the fraction n of the articulated moiety, the structure

of the latter, or the inherent viscosity of the polymer. In the following

discussion of light scattering on articulated PBO copolymers, it will be
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shown that these undergo metastable association similar in some respect

to the behavior reported in the previous section for PBT. This behavior

may be implicated in the phase equilibria behavior observed.

4.5.2 Size Exclusion Chromatography

Size exclusion chromatography (SEC) has been carried out with

two of the articulated PBO copolymers, using an apparatus described

elsewhere.1-4 The chromatographic data were obtained as an optical

density A versus the elution volume V e A universal calibration for thee

column relating Ve with the product [t]M of the eluent was then used to

compute an SEC-averaged DnJM:

ZA i([77M)i
(['7M)SEC ZA.

to give the results ([1]M)SEC equal to 31,000 and 15,000 for polymers

80 and 45-1, respectively. Based on estimates for [7], these give the

chromatographic averaged molecular weight

MSE (IJM)SEC

SEC E?7]

equal to 6,000 and 7,500 for polymer 80 and 45-1, respectively.

4.5.3 Light Scattering Behavior

Although it was hoped that incorporation of comonomers with

rotational isomeric state (groups to permit articulation) would improve

solubility, characteristics of PBO-type polymers, the light scattering

data on dilute solutions reveal considerable interchain association with
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the articulated polymers. This is illustrated by the data given in

Fig. 18, which shows 2 n v versus h for filtered solutions in comparison

with the same solutions after treated by sonication and centrifugation, as

described in section 4.4.1. The results reveal decreased scattering at

small h, sometimes coupled with a general lessening of the decrease of Rv

with increasing h . These effects reveal the loss of large moieties on

the post-filtrations treatment. In addition, as may be seen in Figs. 13

c and d, the magnitude of Rv may also be sharply altered; the results in

Fig. 18c are very unusual in that Rv was increased by the post-filtration

treatment; this increase in scattering was accompanied by increased fluores-

cence. Both effects could be accounted for by loss of moieties with large

extinction coefficients on the post-filtration treatment.

In fact, fluorescence was large at all incident light wavelengths

studied (e.g., 488, 514 and 633 nm). In general, the spectra for III and

I+ were similar in shape for a given solution, but differed with wavelength.

With Ip, the scattering dominated the fluorescence at the incident wave-

length so that RVv could be determined with reasonable accuracy, but with

I+, often Rvwas about equal to I+, making reliable estimation of Rhv

difficult or impossible, especially with wavelengths of 488 and 514 nm.

Some typical results for I+ shown in Fig. 19 illustrate this effect.

The effects of solution clarification treatment revealed in Fig.

17 are shown again in Figs. 20-24 in plots of c/Rv versus h for four

polymers in methane sulfonic acid, and one in chlorosulfonic acid. The

extrapolated values of c/R•v(O) from such data are plotted against c in

Figs. 25-29. In addition, estimates of c/R•v(O) are also given for two

sets of data in Figs. 25b and 26b. Owing to the large contributions of
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the fluorescence at the excitation wavelength, it was not possible to

obtain data on c/RHv(0) for solutions studied with 514 mu wavelength.

Moreover, with sample 352-4 in chlorosulfonic acid, even the RHv in

comparison with fluorescence scattering with 633 nm light was too small

to permit a reliable estimate. Even with samples 292-80 and 352-39, for

which c/RHV(0) is reported with 633 nm incident light; the fluorescence

is not negligible. Estimates of RHv(0) were corrected by a scattering

contribution remaining on extrapolation of RHv(0) versus c to infinite

dilution; the origin of this contribution is obscure.

The total intensity light scattering data for the articulated

polymers extrapolated to infinite dilution and zero angle are collected

in Table 11.

As with the PBT polymers studied, the photon correlation data

provide additional insight to the association obtaining in dilute solu-

tions. Values of n(2)(0) and (Th>r(2)s in2/2 are given for two polymers

at four concentrations each in Table 12; the data were collected near the

top and bottom of a centrifuged solution, as described in section 4.4.2.

The results show that for the two polymers studied, both n(2)(0) and

<rh)n(2)sin 0/2 vary with the centrifugal field and, especially near the

cell bottom, with scattering angle.
The data in Fig. 30 give n(2)(AT/Th) versus A .xsin2 e/2 for a

solution of 292-80, before and after centrifugation. It is evident that

the filtered, but uncentrifuged data do not give behavior independent of

scattering angle, indicative of extreme size heterogeneity in the sample.

The superposition is improved (but not complete) for the same solution

after centrifugation. Data in Table 13 give (th>n( 2 )sin2 /2 obtained by
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analysis of such data with Eqns. 18 and 20 for several solutions (all

calculated with r= 1). Similarly, data for (Th~g(2)shinP/2 obtained

by analysis of g (r) with Eqns. 19 and 21 (with r= 1) are given in

2 2Table 14. Neither <Th>n( 2 )sin e/2 or (Th)g( 2 )sin cp/2 are independent

of scattering angle as would be expected in the absence of extreme

heterogeneity. Moreover, the data are more scattered than similar

results with well-behaved materials. In general, it appears that post-

filtration centrifugation treatment leads to more uniform results, but

does not result in entirely satisfactory data. For sample 292-80, the

data extraplate to give <T h)0 about equal to 2 4s (nm)-2 or a molecular

friction coefficient =0 given by *0/ts = 830 nm (with ts = 0.01 Pa s).

This value is appreciably larger than that reported above (section 4.4.2)

for PBT 72-8.

41



TABLE 3

DEGREE OF PROTONATION FROM THE FREEZING

POINT DEPRESSION IN 100 PERCENT SULFURIC ACID

Calculated With

(a) (s)(b) (a)
Sample ms Tm-Tm' (Em )xs v-rolkgL.C_ -

PBT Model 0.0117 O.180 0.059 3.1
PBT 31 0.0087 0.097 0.057 3.8
PBT 43 0.0034 0.015 O.044 2.8

PBO Model O.l40o 0.239 0.067 3.2
PBO 2 0.0054 0.132 o.o63 7.7
PBO 6 o.o048 0.233 0.080 12.5

PPTA 2 0.0375 0.390 0.105 2.4

(a) Expressed in terms of the repeating unit for
polymeric solute.

() T(s) is the actual freezing temperature
10.3710 C of 100 percent sulfuric acid.
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TABLE 4

PARTIAL SPECIFIC VOLUME OF PBT, PBO AND

MODEL COMPOUNDS

(25°C)

Solute Solvent(a) v0 (m/g) V I/p(ml/g) (ml/g)

PBT Model MSA o.63 o.69 12.88
CSA o.63 0.69

PBT 72-8 MSA o.48 0.69 26.40

CSA o.42 o.69 32.14

PBT 72-7 MSA o.)48 o.69

PBO Model MSA o.62 0.72
CSA 0.62 0.72

PBO 160-8 MSA 0. 54 0.72
CSA o.146 0.72

(a) MSA = methane sulfonic acid

CSA = chlorosulfonic acid
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TABLE 5

ABSORPTION AND FLUORESCENCE PARAMETERS FOR PBT

'EXCITATION= 514.5 nm

ý'LkX K O(a) K

Polymer Solvent Emissions ml/mg, mm mi/mg mm ml mg

PBT-2122-72-8 MSA 575 0.016 0.0043 25 0.007

" 7 MSA 575 0.023 0.0095 57 0.015

" 8 CSA 575 0.030 0.019 39 0.22

" 7 CSA 575 0.037 0.010 68 o.42

(a) Quantum efficiency in relative units; i.e. ((nF(n>s 0
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TABLE 8

PHOTON CORRELATION LIGHT SCATTERING DATA
FOR TWO PBT POLYMERS AT TWO POSITIONS IN

LIGHT SCATTERING CELL

(METHANE SULFONIC ACID, 250 C)

Position Scattering 2 ea 2 (b) (2
Sample In Cell Angle (Th d( 2 )sin T'>dn (2 )sin g g )(0)-I n())-I

(c)
PBT 72-7 Top 45 0.27 0.31 o.16 0.22

Bottom 45 -- 0.56 -- O.06

Top 90 0.32 0.21 0.07 0.22
Bottom 90 o.63 0.85 0.13 0.20

PBT 72-8(c)Top 45 0.57 0.55 o.18 0.22
Bottom 45 0.70 0.73 0.10 0.07

Top 90 0.45 0.55 0.18 0.22
Bottom 90 o.62 0.55 0.15 0.22

(a) Calculated with Eqn. (21); r= 1.

(b) Calculated with Eqn. (20); r= 1.

(c) Concentrations o.61 and 0.63 mgml for 72-7 and 72-8,
respectively.
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TABLE 9

PHOTON CORRELATION LIGHT SCATTERING DATA
FOR TWO PBT POLYMERS

(METHANE SULFONIC ACID, 25 0 C)

2 (a) 2,i 9(b) ,(2)(o_
(Th> g(2) sin2 ( (Th> n(2) i

Sample c e=45 9= 9 0 =45 0 = 90
(mg/ml) ( m s e c )

PBT-72-7 0.118 .... 0.23 0.23 o.12
o. o9 .. -- 0.24 -- o.13
0.364 0.26 0.31 0.26 0o18 0.15
o.614 o.16 -- 0.17 0.12 0.12

PBT-72-8 0.O99 0.55 0.59 o.62 0.52 0.15
o.183 o.45 0.31 0.49 o.41 0.25
0.332 o.40 o.44 o.4o o.36 0.20
o.631 -- 0.39 0.31 0.31 o.25

(a) Calculated with Eqn. (21); r= 1.

(b) Calculated with Eqn. (20); r= 1.
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TABLE 13a

PHOTON CORRELATION LIGHT SCATTERING DATA
FOR ARTICULATED PBO POLYMER 292-80

(METHANE SULFONIC ACID)

Scattering Angle
C Solution 45 60 75 90 105 120 135

(mg/ml) Treatment (.h) (2)sin2 0

n

0.099 Filtered(a) 1.07 1.30 1.32 1.36 0.09 0.09 --

0.250 Centrifuged 1.30 1.50 1.08 o.84 o.89 1.13 1.38

0.400 0.79 0.69 0.69 0.62 0.62 0.47 --

0.511 0.72 o.66 0.66 0.87 0.73 o.86 1.35

0.099 Filtered(b) 2.30 1.95 1.95 2.65 1.20 --

0.250 1.35 1.05 1.18 0.81 2.93 -- --

O.1400 1.55 1.05 1.15 o.87 o.66 2.35 1.85

0.511 2.15 3.30 3.25 4.20 6.oo -- --

(a) Light scattering at 150 C.

(b) Light scattering at 250C.
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TABLE 13b

PHOTON CORRELATION LIGHT SCATTERING DATA
FOR ARTICULATED PBO POLYMER 292-96

(METRANE SUTIFONIC ACID)

Scattering Angle
C Solution 45 60 75 90 105 120 135

(mg/ml) Treatmentn 2 (ins)
'(h~(2sin 2 (s

0.092 Filtered 1.50 1.70 o.86 1.80 1.30 2.80 --
&

0.236 Centrifuged 1.90 1.16 3.25 0.52 o.65 1.42 1.13

0.389 0.93 0.85 0.85 o.81 2.55 3.25 1.25

o.487 1.oo o.94 1.13 1.25 2.00 -- --

0.092 Filtere4 b) 1.65 -- 2.45 5.55 5-55 8.6 9.8

O.o236 -- 3.8 0.53 0.71 0.54 1.13 --

0.389 4.6 -- 1.70 1.68 1.25 1.80 3-30

0.487 -- 5.9 4.4 4.7 4.5 6.4 8.6

(a) Light scattering at 15°0C.
(b) Light scattering at 250C.
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TABLE 13c

PHOTON CORRELATION LIGHT SCATTERING DATA
FOR ARTICULATED PBO POLYMER 352-4

(NETHANE SULFONIC ACID)

Scattering Angle
C Solution 45 6o 75 90 105 120 135

(mg/ml) Treatment 2 0(71 h) n(2)sin2 (ms)

0.376 Filtered(a) 1.23 1.35 1.33 1.55 2.20 3.50
&

Centrifuged

04097 Filtered(b) 4.15 3.10 2.50 2.00 2.45 --

o. 246 o. 46 -- -- o.36 -- -- 2.23

0.376 2.30 1.58 1.25 1.56 -- 2.3o --

o.498 o.83 0.77 0.73 -- o.84 1.25 2.65

(a) Light scattering at 150 C.

(b) Light scattering at 25 0 C.
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TABLE 14a

PHOTON CORRELATION LIGHT SCATTERING DATA
FOR ARTICULATED PBO POLYMER 292-80

(METHANE SULFONIC ACID)

Scattering Angle

C Solution 45 60 75 90 105 120 135
Treatment <,r )2Sin2e (ms)

(h) g(2)i 2

0.099 Filtration(a) 1.47 0.85 0.93 1.06 1.74 0.53 0.92
&

0.250 Centrifugation 1.39 1.82 1.68 1.78 -- --.

O.400 0.81 0.91 0.75 0.80 0.72 o.67 o.49

0.511 0.76 0.62 0.59 0.45 0.41 0.64 0.87

0.099 Filtration (b) 0.46 1.66 1.07 0.36 1.19 0.89 --

0.250 0.77 0.62 0.57 0.61 0.95 o.46 0.48

O.400 0.77 0.57 o.46 0.56 o.64 0.59 2.13

0.511 -- 4.61 5.61 2.74 1.79 2.59 1.39

(a) Light scattering at 15 0 C.

(b) Light scattering at 25 C.
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TABLE l4b

PHOTON CORRELATION LIGHT SCATTERING DATA
FOR ARTICULATED PBO POLYMER 292-96

(METHANE SULFONIC ACID)

Scattering Angle
C Solution 45 6o 75 90 105 120 135

Treatment (Th,)(2)sin 2 c (ms)

(a)
0.236 Filtered 0.95 0.94 0.85 0.73 0.79 1.36 1.47

&

Centrifuged

0.092 Filtered(b) 1.21 1.43 1.15 3.58 1.45 2.80 1.81

0.236 -- -- o.18 o.143 0.10 0.26 0.52

0.489 2.29 1.78 1.97 1.56 11.5 0.53 0.61

(a) Light scattering at 15 0 C.

(b) Light scattering at 250C.
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TABLE 14c

PHOTON CORRELATION LIGHT SCATTERING DATA
FOR ARTICULATED PBO POLYMER 352-4

(CHLOROSULFONIC ACID, 250 c),

Scattering Angle

C Solution 45 6o 75 90 105 120 135
Treatment 2 e (ms)<Th) g(2)sin 2

0.092 Filtration 2.06 1.71 1.23 -- -.- --

0.246 o.45 0.50 -- 0.34 o. 0.92

0.376 0.97 O.18 0.52 0.56 o.66 0.51 0.53

o.498 o.4o 7.46 0.20 o.62 0.59 0.58 0.57
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Figure 10 Example of a plot of log ((Flns 0(nF/()SDovru

path length for PBO 160-1 (c = 1. 04 g/mlD for three wavelents
514, 0; 575Y -09; and 686 nmj 6. Below 1 mm path length the
illuminated volume of solution decreases.
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Figure 11 Examples of plot of log((n> /<nc versus c
used to evaluate the quenching parameter K q Data are for PBO

q
160 series number given on the figure.
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Figure 12 Examples of logR,.Jc versus h2 for solutions of PBT 72-7, 1
(c=0.614 mg/ml) and 72-8, 0 (c=0.631 mg/ml) in methane, sul-
fonic acid: a) precentrifuged stock solution, diluted and
filtered into light scattering cell; b) as in a), but also cen-
trifuged in the.cell after the filtration.
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mg/mi) and 72-8, (c =0.332 mg/ml) for solutions treated by
all, four methods of cl~rification discussed in the text.
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Figure 15 Bilogarithmic plots of n (7)-i versus h 2AT for PBT 72-7, 0

(c= 0.36 mg/ml) and 72-8, 0 (c= 0.33 g/ml), for 45 and 90 degree
scattering angle (pips up and down, respectively). The curves
represent Eqn. 8 and 11.
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Figure 16 Plots of On (g(2)(T)-1) versus h2T for PBT 72-7, * (c= 0.-36 mg/ml)

and 72-8, 0 (c= 0.53 mg/ml), for 45 and 90 degree scattering

angle (pips up and down, respectively).
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Figure 17 Plots of E(Th>sin2'0/1 2)J- versus c for solutions of PBT 72-8
in methane sulfonic acid.
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Figure 18 Examples of kn R1v versus h2 for solutions of articulated
PBO copolymers tc-0.5- 0.6 mg/ml). In each case the
sample treatment is designated as filtered, 0, or filtered
and centrifuged, 0: a) 292-80 in MSA, 633 rim; b) 292-96
in MSA, 514 nm; c) 352-4 in CSA, 633 rm; and d) 352-4 in
MSA, 5114 nm.
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Figure 20 Example of Kc/RVv versus h2 for 292-80 in MSA; 633 nm.
Symbols as in Fig. 18.

Figure 21 Example of Kc/RVw versus h2 for 292-96 in N4SA; 514* nm.
Symbols as in Fig. 18.

2
Figure 22 Example of Kc/Rv, versus h for 352-39 in MSA; 633 nm.

Symbols as in Fig. 18.

Figure 24 Example of Kc/RVV versus h2 for 352-4 in MSA: 514 nm.
Symbols as in Fig. 18.
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Figure 25 Plots of (Kc/R(0) )1/2 versus concentration for 292-80
in MSA; 633 nm: a) RVv data and b) RHv data. Symbols
as in Fig. 18.

Figure 26 Plots of (Kc/R(O))I1/2 versus concentration for 352-39 in
MSA; 633 rnm: a) RVv data and b) RHv data. Symbols as in
Fig. 18.
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Figure 27 Plots of (Kc/Rvv(O))1/2 versus concentration for 292-96 in
MSA; 514 rin. Symbols as in Fig. 18.

Figure 28 Plots of (Kc/R( 0)) 1/2 versus concentration for 352-4 in
CSA; 633 nm. S:ymbols as in Fig. 18.

Figure 29 Plots of (Kc/RVv(0))1/2 versus concentration for 352-4 in
NSA; 514 nm. Symbols as in Fig. 18.
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Figure 30 Plots of n(2)(A¶/¶h) versus Lsrxsin2 VP/2 for a solution of.

292-80 in I4SA (c = 0. 10 mg/mi). Filled and unfilled symbols as

in Fig. 18. Angles indicated as no pip, h5°; Rip down, 600;

pip up, 750; pip right, 900; and pip left, 105•
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5. DISCUSSION

5.1 Cryoscopy and Densitometry

Neither the density or the freezing point depression of

solutions of PBT are especially sensitive to the state of aggregation.

As discussed above with polymeric solutes,the latter is dominated by

the conjugate ions from protonation of the solute. The data in Table

3 , calculated with J= 1, indicate that both PBT and its model com-

pound carry 3-4 protons per repeating unit. A similar result obtains

for PPTA and the model compound of PBO. As discussed above, the

degree of protonation listed for PBO in Table 3 may be too large.

Use of 0=1 for the polymeric solute appears to be justified, even

though the interaction terms B12 and Bi2 (expressed in molar concentra-

tion units) may be large. Thus, if it is assumed that the contribu-

tions in Eqn. (40) may be separated into terms with interactions among

small molecules, (1), and large molecules, (2), then

1= +[Bl11+(m2/ml )B12+(mý2/m) )2 B22] 1ml6
('+m2/ml) (6

Since M is about 10 4 for the polymers studied m2 /mI is of order 10-3 and

consequently, 1-4 ,-Bl1ml, even though, for example, m2 B2 2 = A2Mc may be

relatively large, e.g., 1-2 (see below). Thus, 1-p is expected to be nearly

unity (e.g., 0.8-1), and approximated by the Debye-Huckel relation. 7

6
A similar conclusion can be based on treatments discussed by Manning6

for which $ is found to depend on the ratio t of the Bjerrum screening

length e j/ekT (e is the dielectric constant of the solvent) to the
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charge spacing b on the macroion (e.g., b = L/v). With neglect of the
2

interaction terms among macroions, Manning finds a result for (m1 B1 1 +mlm2Bl2)/

(me+m 2 ) that can be put in the form

1_ =-IýX(+) (47)

where 2*(ý) is • if <l and 2-:"I if > 1, and X is v'm'/mI in the

present case (primes referring to quantities expressed in moles of

repeating units of the macroions). The values of v' calculated with

1= 1 give • 2 for PBT, and estimates of $ with Eqn. (47) are found

to be nearly unity, as expected.

The considerable protonation of PBT, PBO and PPTA in strong

sulfonic acids is probably crucial for their solubility in these

reagents. The intermolecular electrostatic repulsion acts to compen-

sate for the low entropy of disorientation inherent in the dissolution

of rodlike chains.
2 1

The partial specific volume is somewhat less than the

specific volume for the model compounds of PBO and PBT in the two

sulfonic acids used, but this effect is much greater with PBT and

PBO. Since v is not very dependent on concentration, it is of inter-

est to consider the chain diameter calculated from the relation:

d = 2(MLVO/TTNA) 1/2 (48)

For PBT in methane sulfonic acid, this gives the reasonable estimate
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d= 0.47 nm. The variation of v 0 between methane and chlorosulfonic

acids indicates that this geometric interpretation may be too simple

through neglect of electrostatic interactions. It may be noted that

d so calculated is smaller (0.44 nm) in chlorosulfonic acid, which

has the smaller ionic strength and longer electrostatic interaction

lengths. Similarly, d calculated with v replaced by fv in Eqn. (48)

tends to be greater than these estimates for reasonable estimates of

the packing efficiency f, (e.g., f is rr/2,F3 and for close packed

parallel arrays of the rods in hexagonal or rectangular packing,

respectively, with d= 0.49 nm for the latter).

5.2 Light Scattering Behavior For PBT Polymers

The range of the electrostatic interaction among PBT chains

in solution may be characterized by a thermodynamic diameter dT calcu-

lated from A2 by use of the relations: 2 2

A2 =Aý1[l-b l(L/P)C+o.. ] (49a)

A TTN AdT
A TT (4i9b)

M2AA/4j1Tr/ 2 N R d~ T 3 (49c)

Since bI(L/p) << b =2.865 for small L/p (e.g., b1 is zero for L/prO),

Aand because C is less than 0.1, A2 S2' With A, calculated from

Eqn. (2):
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A2  - 5 [an(KC/R"v(O)5/2/ac]0 (50)

and 3=0.5, M= 12,000 (see below), the data for PBT 72-8 in methane

sulfonic acid give d T= 11 nm. This is surprisingly large, but demon-

strates the long-range nature of the intermolecular electrostatic

interactions. Indeed'. d T is even larger with solutions in chloro-

sulfonic acid, which hasa lower ionic strength, making it very diffi-

cult or impossible to carry out reliable extrapolations to infinite

dilution. 13,23

The values of b t7] (in se/gv l s7•a s and the data in Table

7 can be used to obtain several estimates of the average contour

2 24

G L W(L/p)/12 (51)

RH = •O/ 6TTts= L/2H(L/p,L/dH) (52)

M[-] = TTNARGRHH(L/pL/dH)F'(L/dH) (53)

Here,

lim W(L/p) = 1 - • (L/p) + 1 (L/p) 2  (54)
L/p = 0 30

lim H(L/p,L/dH) = H(L/dH) 1.887(L/dH) 0 . 2  (55)
L/p <2
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F(L/dH) , 0.745 H(L/dH) (56)

where the power law approximations are useful for L/dH in the range

30 to 3,000. Corresponding estimates of the contour lengths may be

calculated as

L 2AL 1.
'17 TNAL 0.2 w 57

L {s1_H=gfi0 1.25 (58)f 3 TT t sLO ".

LGVH = t28(QQ(c/RHv)/bh ) 0/W3/2 (59)

LG, = V (36J(5()( o(c/R•v)/ah 2 )0/W l!2 (6o)

LH= 5(%v(0)/Kc) /358 2M (61)

L=0 +4 2 (62
L (Rv(O)/Kc) /(1 + (

Since L/p is small (rodlike limit), F, W and H can be evaluated by

the approximations given above, and L becomes the length of the rod-

like chain. In this case, for polydispersed samples, the relations
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4/ 9
Lw(Lz/Lw) L7 L(63)

Lw = Lv = LH (64)

(L L _L)L/2L(65)z Z+ = GH G,V (65)

provide representation in terms of well-defined averages of L.

Values of L , L.- and LG,H given in Table 15 do not depend

on F, and the entries for LGYv and LV do not vary too much with 3 for

small 8; the entries listed were calculated with the rodlike limits

for F, W and H. Since J(8) > 1, it can be seen that LG,H is less

than LG,V for any estimate of 5, indicating that LGIV reflects

residual association. For PBT 72-8, LGH is also smaller than L-

the latter being about equal to LV (calculated with a reasonable esti-

mate for 5, see below). The larger values of L and L in compari-

son with LGIH are discussed further below.

Two methods to estimate 5 are available:1

0 0
(1) Use of the depolarization pV (c/Rvv(O)) /(c/RHv(O))O

and Eqns. (2) and (3) which give

0 2

5+4 2 5

(2) Use of the RHv data alone in the form 62 = (8 2LH/LGH)

(Lz/Lw)(Lz+I/Lz) /2, which requires an estimate for
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the molecular polydispersity to compute 8. The former gives

5 equal to 0.28 and 0.33 for 72-8 and 72-7, respectively,

whereas the latter gives 5 = 0.50 for both, based on reasonable esti-

mates for the polydispersity1 0 (L z/LW = 1.4 and L Z+I/LZ = 1.2). The

larger value of 8 obtained by use of only the %v scattering data is in

accord with the disproportionately large effects of association on

(c/R•v(O))0 as compared with (c/Rv(O)) that have precedence with

other optically anisotropic polymers, both flexible and rodlike.1 4

One manifestation of this behavior, also found here for PBT 72-7 and

72-8, is the greater effect of centrifugation on R~v as compared with

%v. Such effects indicate that the polarizability tensors of the

rodlike components of the aggregates are orientationally independent,

which is reasonable. For this reason, the estimate 8 - 0.5 is believed

to be the more reliable. This relatively large 8 is only possible if

L/p is small, in accord with the expected rodlike structure of PBT.

If the Rv scattering is affected by residual association,

then the use of Eqns. (60) and (62) to obtain estimates for L is not

meaningful. For example for 72-8, comparison of M calculated as
w

5(%(O)/Kc)0 /3 ?0 = 12,000 and M calculated as (0v(O)/Kc)O/2(+4 32/5)=
w

30,000 (both with 5= 0.50) presumabably differ since the latter includes

the effect of association, with about 2-3 molecules per aggregate on a

weight average. Similarly, Eqn. (60) cannot be used to relate R to L,

unless the aggregates are formed by parallel arrays of the rodlike

chains. If the latter is assumed, then comparisons of L, and LG, H

show that the aggregation increases the average length of the population.

Aggregation with the chains in nearly parallel arrays is in accord with

the observations, and represents a reasonable stable form of association.
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The effects of association on the light scattering data on

PBT 72-8 solutions discussed above are less pronounced than those

with PBT 72-7. As pointed out in the preceding, the Rv and photon

correlation light scattering data were more severely altered by centrifugation

for 72-7 than for 72-8. Moreover, the photon correlation data for 72-7 gave

values of n(2)(0) and g(2)(0) too small for the optical arrangement

used (see Table 9 ), suggesting that r < 1, consistent with the

presence of large moities, with very large Th Nonetheless, (Th> is

only about half the value found for 72-8 when measured near the top of

a cell after centrifugation (see Tables 8. and 9 ). Estimates of

(Trh> near the bottom of such a cell are larger, but (T h>h is not

independent of h, indicative of extreme heterogeneity. This behavior

indicates that the longer chains among the population are selectively

sedimented during centrifugation of 72-7 (in contrast with 72-8),

showing that these are involved in the aggregate structures that affect

the light scattering data. The aggregates are not so large that they

fully sediment to the cell bottom, even after centrifugation for 24 hr

(5,000 g), but they are sufficiently large and numerous to have a

marked effect on the light scattering behavior.

The effect of the aggregates on [7] is also complex. As

seen in Table 15, L calculated with Eqn. (57), and the rodlike limits
77

for F and WY is somewhat larger than LGH and L. for 72-8, and differs

between 72-8 and 72-7. Unlike the treatment of light scattering data,

it is not possible to remove some of the effects of the aggregates by

data treatment methods (e.g., neglect of the Rv data for small angles, etc.
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The specific viscosity 17 is a sum over the product of the number of
sp

moities per unit volume v. and the intrinsic viscosity [•]v) expressed
1I

as volume per number of moities (Dti)i = Mi[ i/NA)

i /
= lim 7/c / c (66)c = 0c=O

Association can alter both 1nJ7jM and v.. For example, for a rodlike

chain,

M 'T L3F" (L/d (67)

Since F depends only weakly on dH, association with the rodlike

molecules in parallel arrays (no change in L) will have little effect

on [t ](V) but will greatly decrease [7] as fewer moities will contri-

bute to the sum in Eqn. (66); (essentially, ML for the aggregate is

enhanced, thereby decreasing [t]). If the parallel aggregates have

larger L, then [1] could be increased; effects of this type have been

calculated for dimers of rodlike molecules for specific geometries.25

(Of course, other forms of aggregation with more complex effects can

be envisioned). With a polydispersed sample, formation of aggregates

with the chains in parallel array might not cause a large increase in

the average L. Thus, the difference in D71 (and hence L in Table 15)

for 72-8 and 72-7 might reflect increased fraction of parallel aggre-

gates for 72-7; in fact, the decrease in L is quantitative in
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accord with the increase in LV.

A working model for the association of PBT chains can be

postulated on the basis of these observations. A substantial fraction

of the chains appear to be bound in aggregates with the chains held in

approximately parallel array, with 2-3 chains per aggregate. These

aggregates are probably metastable, and may preferentially involve

the longer chains. A much smaller fraction of the chains are involved

in larger aggregates, perhaps with ill-defined shape. These large

aggregates are far more prevalent in 72-7 than in 72-8, and are respon-

sible for pronounced effects on the Rv and photon correlation scatter-

ings.

The difference in the aggregation of PBT 72-7 and 72-8 may

be attributed to the nature of the solvation of PBT in polyphosphoric

acid and methane sulfonic acid. At the conditions of the polymeriza-
26

tion, PPA is an oligomer (DP of about 5), and probably complexes

with the growing PBT to have the effect of short branches. During

precipitation in water, these are hydrolyzed and removed as the

polymer precipitates, but they could suppress parallel close packing

of the rodlike chains during the precipitation process by steric

effects. This protection is not available when the polymer is preci-

pitated from methane sulfonic acid, the difference possibly giving rise

in the latter case to the formation of metastable aggregates in

larger number and size. Since these are apparently not easily dis-

sociated, the implications are clear if solutions are to be processed

into well oriented solids.

89



5.3 Light Scattering Behavior For Articulated PBO Copolymers

Both total intensity and photon correlation light scattering

data reveal the presence of aggregated material in the four articulated

PBO copolymers studied, e.g., 352-4, 292-80, 292-96, and 352-39, having

comonomers with structure I, II, III, and IV, respectively. None of

them showed nematic behavior in methane sulfonic acid,(e.g., Table 10),

although two, 292-96 and 352-39, developed marked flow birefringence.

The extreme variation of Rv and (T h> on solution treatment (e.g., filtra-

tion and centrifugation history) shows that at least the filtered, but

uncentrifuged solution contains rather large aggregate moieties. The

small estimate for [Kc/Rv(O)]0 given in Table 11 for the centrifuged

solutions suggests that even these are not free of aggregated material.

Although RHv was usually much less than R~v, with solutions of 352-4 in

chlorosulfonic acid, RHv was very large for the filtered solution, but

decreased to nearly zero after centrifugation. The latter behavior indi-

cates that the large (aggregated) moieties were at least partially ordered

in this system.

With polymer 292-80, values of [Kc//Rv(0)] , 0= /ts and

200
(5c/R,/h2)° all indicate a very large species, even for the centri-

fuged solution; the value of [Kc•RHv(0)] indicates a low degree of order

in the dominant scattering species. Since [RV(0)/Kc] 0 is twenty times M
vvw

estimated by SEC (see section 4.5.2), it seems certain that the light

scattering data are skewed by the presence of an aggregate species. This

aggregation may also prevent attainment of proper data on phase equilibria.

Although [Kc/RHv(0)] 0 is considerably larger than [Kc/Rv(0)] 0 it is still

too small to be consistent with a completely dissociated molecule with
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a completely dissociated molecule with M = 8,000. For example, these
w

two values would give 5 > I (see Eqn. 3), which is not possible; a

mitigating effect might be our use of ýn/ac for PBO instead of the

copolymer. The data could be consistent with aggregates in a semi-

parallel array, such that some enhancement of Mb for the aggregate

occurs, along with much more marked enhancement of M, and RG.

For example, with sample 292-80, an aggregate species with about 20

molecules trapped in an array with an ellipsoidal shape. It treated

by this model, the data on RG and ý. /s combines to give an aggregate

with a major to minor axis ratio of 500, and a major axis some 3000 nm

long (and only 6 nm wide). Such an assymmetric structure implies near

parallelism of the aggregated molecules, perhaps giving rise to the

apparently large MS mentioned above.

A similar situation appears to obtain with the other polymers

studied; incomplete SEC prevents a detailed analysis at this time.

Nonetheless, it appears that the articulated PBO polymers studied are

each aggregated, even at the low concentations used in light scattering.

This circumstance does not augur well for the attainment of well

developed flow induced orientation in more concentrated solutions, and

it is suggested that further work on articulated PBO copolymers be

recplaced by work on articulated PBT copolymers. The observation of

nematic solutions for several of the PBT copolymers studied (see

Table 10) is consistent with this recommendation.
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5.4 Fluorescence And Absorption Spectroscopy On PBT Polymers

Several features of the fluorescence and absorption

behavior of solutions of PBT 72-7 and 72-8 are noteworthy in connection

with the association detected for these two polymers.

1) 4 tends to be larger for 72-7 than for 72-8
in the long wavelength portion of the spectrum
(x >48o nm), with the difference greater for
solutions in methane sulfonic acid than those
in chlorosulfonic acid;

2) the apparent quantum yield K is greater for
solutions of 72-7 than for those of 72-8;

5) values of Kq are ten-fold greater for solutions
in chlorosulfonic acid than for those in meth-
ane sulfonic acid, and Kq is greater for 72-7
than for 72-8;

4) generally, (<n>Fl/(n>STý)p is increased

slightly on centrifugation.

The failure to observe fluorescence emission for which

<n>Fl/<n>STDc increased with increasing c (negative K q) to accompany

the quenched fluorescence (positive K q) suggests that excimer or

exciplex formation is not implicated in the observed quenching of the

fluorescence emitted on excitation at 514 nm. The constant K is equalq

to the product k qTE of the lifetime TE of the excited state and the

rate constant k for the process by which the excitedq

state decays to the ground state and emits the fluorescent radiation.

An estimate of 1-5 ns was obtained for TrE by measurement of the

fluorescence decay following excilation by a light pulse. Consequently,

11 -1 -1A
k is of order 10 1 molIs-, which is far too large for a diffusion-

q

controlled quenching rate constant for collision of the rodlike chains.
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This is further evidence that excimer or exciplex formation is not

implicated in the quenching. The large values of K observed can beq

accounted for by non-radiative columbic interaction between the excited

0
species and another moiety with smaller (or zero) KO. The data are

consistent with the assumption that the aggregated species is both

more absorbant and fluorescent for excitation at 514 nm (e.g., larger

0Sand K ) than is the fully dissolved polymer, with quenching caused

by columbic interaction between the excited aggregated species and the

individual chain. The increased K0 could be caused by decreased

quenching by collision with solvent for chains deep within the aggre-

gate species, by small differences in the population of rotational

isomers of isolated chains completely dissolved, in comparison with

chains held in aggregate structures in parallel array, or by an altered

electronic structure of the chains in the aggregate. The difference

between K in methane sulfonic acid and chlorosulfonic acid is in
q

accord with the role of a columbic interaction. As mentioned above,

the increase in ((n)Fl/(n>STD)P on centrifugation is consistent with

the removal of a strongly absorbing fluorescent species, providing

further support for implication of the aggregated species in the

fluorescence behavior.

Similar behavior is found with the data in Table 5 for the

series of PBO polymers, but these data are not amenable to complete

interpretation since several factors may affect K0 and K among the

samples. For example, both may depend on chain length, irrespective

of any association. Thus, the marked decrease of K0 observed for
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16 0-3 in comparison with 160-1 may reflect the effects of end groups

in the lower molecular weight 160-1. On the other hand, the increase

in K0 observed with further increase in chain length may reflect

increased association with increased chain length. The difference

among K0 for samples 160-4 and 5 for emission at 576 and 686 nm indi-

cates distinct emitting species, perhaps related to the aggregate

structures present. With M estimated from NLL using Eqn. (57), values
112 -1 - 7

of K range from 1 to 2 x 10 , mol-1 s for the data in methaneq

sulfonic acid, if T is taken to be 2 ns. Thus, as with PBT, K isc Yq

in the range expected for nonradiative columbic interactions. Since

a quantitative model for the effects of association on K0 and K is
q

lacking, we can only conclude that the fluorescence data on PBO are

in accord with the postulate that chain length dependent association

of PBO obtains in both methane and chlorosulfonic acids, but cannot

use the data to specify the degree of association.
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TABLE 15

APPARENT CONTOUR LENGTHS

FOR TWO PBT POLYNERS (a)

Polymer

72-8 72-7

L 135 (b)nm 120(b)nm

L 130 (b) 6o0(b)

LGH 85 90

1-1/2(8) LGYV 150 170

LGV Igo 2 5 0 (c)

F26 LH 15 16

LH 55(c) 6o0c)

( 1+ Lv 165 190

L () 15o(c)

(a) Calculated with the rodlike limites for H, F and W.

(b) Calculated with dH = I nm.

(c) Calculated for 5 = 0.5.
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6. CONCLUSIONS

Total intensity and photon correlation light scattering on

a PBT polymer show it to be rodlike, with length L = 55 nm. The dataw

also reveal that the polymer is associated, even at very high dilution,

probably in metastable aggregates. The differences found among the

properties of solutions of PBT 72-7 and 72-8 show that at least some

aspects of the aggregation are influenced by the processing history

of the polymer (in accord with the metastable nature of the aggregates).

The repulsive electrostatic interactions resulting from the extensive

protonation of PBT in the strong sulfonic acids used as solvents is

probably essential for its dissolution. More short-ranged interactions

resulting from solvation by nonelectrolytes with solubility parameter

close to PBT do not effect dissolution, even though they may be
27

adsorbed in considerable concentration in some cases. Similar

behavior has also been reported for coil-like heterocyclic polymers.

The difficulty of complete dissolution of the metastable

aggregates does not imply that the attractive interactions responsible

for their formation are unusually large. Even dispersion forces

would result in an appreciable attractive interaction when summed over

the length of rodlike chains held in (nearly) parallel array. The

nearly planar rodlike configuration available to PBT and PBO may

increase the stability of such aggregate structures, but similar

problems of metastable association have been reported, for example,

for cellulose esters (which do not have a rodlike conformation in
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dilute solution). It can be expected that polymers with a helicoidal

conformation with overall rodlike structure may also be subject to

the formation of metastable intermolecular aggregates. As may be seen

by the preceding discussion, the presence of such aggregation may not

be evident on the basis of one physical measurement (e.g., only the

RVv total intensity scattering, etc.).
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II. RHEOLOGICAL AND RHEO-OPTICAL STUDIES ON SOLUTIONS OF PBT

S. Venkatraman, Y. Einaga, and G.C. Berry

1. INTRODUCTION

Some rheological and rheo-optical properties of PBT solutions

will be discussed in the following. In the next section, rheological

properties of a solution of PBT in polyphosphoric acid (PPA) will be

discussed; the data cover the temperature range 28 to 145 0C. The

results show that the rheological properties studied are relatively

insensitive to temperature over the span 90 to 145°05C. In subsequent

sections, both transient and steady-state rheological and rheo-optical

properties are reported for solutions of PBT in methane sulfonic acid

(MSA). The results reveal that the onset of nonlinear behavior depends

both on the rate of deformation relative to a solution time constant

c (see below) and the total strain imposed on the sample. The relation

of T c to time constants observed for stress and birefringence relaxation

following steady-state flow will also be discussed.
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2. RELATIONS FOR RHEOLOGICAL AND RHEO-OPTICAL ANALYSIS

The relations needed to analyze the rheological and rheo-

optical data discussed in subsequent sections are given in here for

convenience. Experiments to be discussed include:

1) Creep and recovery
2) Response to a sinusoidal deformation
3) Stress-growth at constant shear rate
4) Steady-state flow
5) Steady-state flow birefringence
6) Stress relaxation
7) Birefringence relaxation

For small stress levels, the linear creep compliance Jo(t)

can be expressed in the form28

Jo(t) = Ro(t) + t/tO (68)

where 70 is the viscosity and Ro(t) is the linear recoverable compli-

ance, with the value

R = lim R o(t) (69)
t=oo

being the steady-state linear recoverable compliance. The components

J'(w) and J"(w) of the frequency dependent complex compliance are

related to R0 (t) and 70 by the expressions

00

J'(w) = R0- w S [R 0 -R 0 (t)]sin(wt)dt (70)

00
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(W) (Mo ÷_ +w S [Ro- R0 (t)]cos(wt)dt (71)

such that

lir J'(w) Ro (72)
W=O

rnm £ W,17)01  (73)

W=0

Alternatively, the components 7' (w) and -'4(w) of the complex viscosity

can be defined in terms of J'(w) and J"(w) by the relations

t =w[J"(l+ tan2F)]"I (74)

S= £J'(I+tan' 2 0)?-1 (75)

where 3 = Tr/J'. For some materials, the steady-state viscosity t1x

at shear rate x is approximately given by

(W [ 2 + "f (W)211/2 = 7'(W)I (76)

Steady-state of properties to be considered here include the

limiting values at low shear rate of the viscosity tO, the linear steady-

state recoverable compliance R0 (often denoted JO), and the intrinsic

birefringence Asn . In addition to these parameters, we will also be

interested in the following functions, involving ratios of steady-state
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properties at rate of strain X divided by an appropriate limiting value:

7,/170 = Q(TX) (77)

RX/R = P(T c) (78)

An/An =M(Tc K) (79)

Here, fK is the ratio a/K of the shear stress C to the shear rate K

measured in steady-state flow, RK is the ratio yR/TýK of the ultimate

recoverable strain yR following cessation of steady-state flow to the

stress imposed during the flow, and An is the difference in the

principal components of the refractive index ellipsoid of the solution;

A!n increases from 0 to An as T K increases from zero. The character-C c

istic time T is given by
c

= -- R0  (80)

With the systems studied in this part, it is possible to determine each

of the limiting parameters • and R0, so that the functions Q and P in

Eqnso 77 and 78 are well defined. For solutions with yp about equal to

or larger than yc , this is not always possible.

Although we will not report data on the first normal stress

difference NK() it will be convenient to refer to the function

N (K_ K (81)
K 2(K)2
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and its limiting value S at small K, and to define the ratio

S QKso = N(Tc K) (82)

29
Of course, for simple fluids, SO = R On the other hand, there is

no reason to believe that P and N are equal for all TcK, see below.

In Eqns.7 7,78 and82Q, P and N have been written as explicit

functions of the reduced shear rate T K. Experimental studies on

30 31
solutions of flexible chain polymers, and theoretical studies have

shown that r K is a useful and natural variable to use in expressingc

the dependence of Q, P and N on K. For example, for many materials,

the functions so defined are independent of temperature0 In addition,

it has been found that for a given solute, Q and P are often nearly

independent of cp over a wide range. Of course, deviation from this

behavior must be expected for large TcK, in the so called "upper Newtonian"

range for which, for exampleQ exhibits a plateau value that depends on y.

For flexible chain polymers, Q is unity for small Tc K, and crosses over

to a decreasing function of cK for cK in the range of unity. Similarly,

P is unity for small T~ K, but the behavior for large cK is less easily

summarized. Typically, with increasing K, P decreases from its limiting

value for very small Tc K for polymers with a broad distribution of molecular

weight, but may depend only weakly on r cK for polymers with a narrow

molecular weight distribution.

The function M depends on the distribution of molecular orien-

tations with the flow direction, and the usual relations are based on

an assumed coincidence of the principal directions of the stress and
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refractive index ellipsoids; this approximation is termed the stress-

optical law. Thus, for shear flow, the difference Ap of the two principal

stresses in the flow plane is related to the shear stress VKK and the

first normal stress difference N(i) by the expressions (see, for example,
K

ref. 32, section 1.2)

Ap sin 2x' = 2 VK (83)

cot 2 X' = SK TVK (8)

where X' is the angle between the flow direction and a principle stress

axis in the flow plane (chosen so that X' < iT/4). The stress-optical

law assumes that

An/Ap = C (85a)

x = X' (85b)

where x is the extinction angle locating the cross of isocline (i.e.,

the locus of minimum intensity in the flow plane) defining the angle in

the flow plane between the flow direction and a principal axis of the

refractive index ellipsoid (X < TI/4). Coleman and coworker3have

demonstrated that these relations are expected to apply for simple

fluids in the limit of what are termed "slow flows", for which the

limiting relations at small T* K obtain:

An = 2 C BK/sin 2)( (86)

cot 2 X = S oT1K (87)

They also find that the stress-optical law cannot be generally assumed

for larger T c K. Nonetheless, experience has frequently shown that
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Eqns. (86) and (87) can be used with constant C even for T K large enough

that Q < 1, if modified by substitution of % and S0 by Tý and SK'

respectively (e.g. examples cited in section 1.4 of reference 32).

Equations (87) and (88) so modified give An implicitly as a function

of TcK using Eqns. (77) and (78), see below.

The preceding discussion, with Eqns. (69-87) is concerned with

steady-state rheological or rheo-optical properties. In the following,

some transient measurements will also be reported. For small applied

stress a, Eqn. (68) defines the transient creep behavior, one example of

the transient measurements to be reported. More generally, the creep

compliance J (t) defined by

Ja(t) = a(t)/a (88)

where y (t) is the strain at time t following imposition of shear stress

a will be given; of course Ja(t) reduces to J 0 (t) for very small a, see

below. The transient stress-growth behavior will also be described in

terms of the transient viscosity n(t) defined by

(t) = a(t)/x (89)

where a(t) is the stress measured after time t following imposition of

shear deformation at shear rate x. For the linear viscoelastic range,

t(t) is related to the distribution of relaxation time T.:
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7(t) = Z.GiTi[l-exp(-t/¶i)] (90)
1

where G. are the moduli increments associated with each T.. In two11

extreme limits,

lim 7(t) = 7(0) = t EG. (91)
t=0 1

t=im 7(t) = t7(wo) = EG.i T = 70 (92)

providing a means to compute an averaged relaxation time:

T=ZGi Ti (3

N ZG. (93)
1

for comparison with Tc. which is given by

2
ZG.T 2

Tc =R0"0 G TL(4i i

The ratio c /TN provides a measure of the breadth of the distribution

of relaxation times.

Relaxation of the stress or birefringence following steady

flow provides an additional measure of the distribution. For a linear

viscoelastic fluid,

a(t) = 2G. exp (-t/Ti) (95)

i
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An(t) = En. exp (-t/jX) (96)
t1

where one would expect similar values of T. and X..
1 1
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3. EXPERINENTAL METHODS

The cone and plate rheometer used to determine the steady-

state viscosity and recoverable compliance as functions of shear rate

has been described in detail elsewhere.34 The instrument employs an

inert cone and plate, a wire-suspended cone mounted coaxially with a

drag-cup torque transducer, and a plate that may be rotated at precisely

controlled angular velocity n. The drag-cup transducer generates the

restoring torque M required to hold the cone stationary in steady-state

flow. In recovery measurements, both M and n are set equal to zero,

and the rotational angle 9R of the cone in recovery is determined. The

viscosity and the shear rate are calculated with the usual relations for

cone and plate deformation with torque M and angular velocity 0 of the

35a
plate relative to the cone

S= C/K (97)

3

3M/2t r (98)

= /•/ (99)

Here 8 is the angle between the cone and plate, and r is the radius of the

cone. The recoverable compliance is calculated from the ultimate recoverable

strain yR determined by the ultimate angular recovery cR following cessation

of steady-state flow under shear stress:

R = yR/a (100)

R = tPR/9 (101)
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50a

As with previous experiments, a positive pressure of dry nitrogen is

maintained in the rheometer to inhibit contamination of the solution by

moisture, but in addition, the cone-plate assembly is surrounded by a

glass ring dipped into an oil-filled trough to seal the test solution.

Mineral oil, dried by contact with sulfuric acid is used in the trough.

The presence of the oil did not add significantly to the measured

torque M, and had no effect on 'R'

Flow birefringence measurements were made with either a

parallel plate apparatus or a concentric cylinder device. With the

former, the lower plate is rotated with angular velocity L1, while

the upper plate is stationary. In this arrangement, the shear rate

varies linearly with the distance from the center of rotation, and

inversely with the separation h of the plates: 3 5

h = 2n (102)

A light beam was directed perpendicular to the plane of the plate (the

so-called 1-3 plane, where 1 is the flow direction, and 2 is the direction

32
of gradient) for measurement. Optical measurements were performed with

an analyzer placed with its transmission axis at angle 0 to that of a

polarizer placed in the incident beam. Since the birefringence under

study is relatively large, it was sufficient to use schlieren grade glass

windows for the plates, and polaroid polarizers. The birefringence An13

was determined by one of two methods. In one method, a polarized beam from
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a He-Ne laser is transmitted through an area of diameter d = 1.5 mm with

its center located at radial position r and azimuthal angle a measured from

the transmission axis of the analyzer. With y the angle between the axis

of the polarizer and the unique axis (nl) of the refractive index ellipsoid,

the transmission T is given by36,37

T sin (1-cos 4y) (103)

for 3 = n/2, where 8 is the retardation

8 = 21thAn13 I/x (io4)

(8 in radian) with ? the wavelength of the incident light in a vacuum.

According to Eqn.(1o0 T is zero when y is m rt/2, m = 0, 1, 2 or 3.
38

For birefringence in the 1-3 plane, one expects an extinction isocline

(T = 0) for azimuthal angles a = m n/2, m = 0, 1, 2, or 3, as is observed

with the solutions under study, so that cos 4 y = cos 4a. When 6 is equal

to 2 1t, T is zero for all a, so that an extinction circle is observed. To

determine 8 for 8 not equal to 2ir, y is set to cI/4, and the transmission

is monitored by the responses GK and G0 of a photodiode placed above the

analyzer, with 5 = Tc/2 for the sample in flow and 3 = g/2 - e for the

quiescent fluid, respectively, to give

sin2(8/2) (GCGo)sin 2 e (105)
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from which 5 may be determined. In another method sometimes used to

determine 5, a quarter wave plate is placed between the fluid and the

analyzer, oriented with its slow direction parallel to the transmission

axis of the polarizer. Under these conditions, the transmission is

given by

2 1. 2 25
T = cos 1 + - sin 2ý sin 2y - cos 2p sin F (l-cos 4y) (106)

22

With 5 - 2P = 17, Eqn.(106)exhibits two-fold symmetry:

S2+ cos5(l- sin227)- [sin 5sin2 +cos 8sin 2y] (107)

Consequently, adjustment of P to an angle that results in a two-fold

symmetric pattern with extinction for y' n/174 and 53T/4 provides a

means to determine 5.

With the photometric method to determine

5, the coordinates r and a are set by translation of the incident beam

by a mirror mounted on an x-y stage. A circular diaphragm centered at

the r, a position above the fluid serves to reduce stray light contri-

bution to G. The laser is mounted so that the plane of polarization

forms a dihedral angle of 45 degrees with the plane of the position-

ing mirror. The polarization of the incident beam is adjusted by a

half-wave plate placed between the mirror and the sample. The light

beam is modulated at 400 Hz by a mechanical chopper, and the output

from the transducer is monitored with a Hewlett-Packard Model 501 Wave
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Analyzer tuned to the modulation frequency. This procedure eliminates

contributions from room light. The angles • and e are adjusted to

within 0.5 degrees, which is satisfactory for our purpose.

When using the quarter wave plate to determine 5, the sample

is illuminated with a collimated beam from a zirconium arc lamp.. The

angle p is reproducible to within 0.2 degrees for this measurement.

Comparisons of 5 determined by the two methods used here agreed within

0.05 radians.

The value of 5 is used to calculate the birefringence Asn1 3

with Eqn.(I•4). According to Philippof38, the observed birefringence

An 13 is related to the difference An of the principal components of

the refractive index ellipsoid through the equation

A 3 - A 23 (10 8 )
i~n =- cos 2 x = An12

where the birefringence An 23 in the 2-3 plane is usually very small,

and An1 2 is the birefringence in the 1-2 plane. The strong absorp-

tion of light by the solutions under study prohibits direct measure-

ment of Asn 12, for example, by Couette flow, which is the more usual

method to study birefringence.32 Relatively few examples of bire-

fringence measurements in the 1-3 plane exist. 3 9

With use of the concentric cylinder geometry, measurements

are made in the 1-2 plane so that y is given directly by the orientation

of the cross of isocline and the measured birefringence is An1 2. Owing
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to the large extinction of visible light by PBT solutions, the concen-

tric cylinder geometry with its long path length was useful only with

dilute solutions. For these solutions, ) is essentially -n/4. The

birefringence was determined by use of a quarter-wave plate to find the

conditions for two-fold symmetry of the isocline, as given by Eqn. (107).

Measurements of J'(w) and J"(w) were carried out with a

Rheometrics model 7200 rheometer, over the range 0.01 to 12 radian/sec.

The sample was protected from contamination by moisture by use of an

oil-seal around the sample chamber and a slow purge by dry nitrogen.
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4. VISCOELASTIC MEASUREMENTS ON PBT IN POLYPHOSPHORIC ACID SOLUTION

The components J'(w) and J"(w) of the complex compliance were

determined as a function of frequency w over the range 0.01 to 12

radian/sec for a solution of PBT in PPA, weight fraction polymer 0.10,

as received from Celanese Research Corp (sample code 2895-32).

It may be seen that J', J" and -' is relatively insensitive to tempera-

ture over the frequency range studied for temperatures from 90 to 145 0 C.

It is likely that differences do exist at lower frequencies. Reduction

of the temperature to 28°C results in a ten-fold increase in 17', and a

concomitant decrease in J' and J". It seems likely that little advan-

tage will accrue to the use of temperature in excess of 100 0 C in

processing pressures required, etc. In fact, the use of higher tempera-

tures is accompanied by foaming of the PPA solution by unknown causes.

Creep and recovery experiments were also carried out with the

PPA solution of PBT. The data showed that the solution exhibits viscous

flow., even for smaller stress levels than those used with the dynamic

0mechanical analysis. Data for the creep and recovery at 92 C given in

Fig. 32 give a viscosity of about 2 x 106 poise at a shear rate of

6 x 10-5 sec 1 An apparent time constant Tc of 2,000 sec is obtained

from the product of the viscosity and the recoverable compliance. Thus

-l
the shear rate X \ T that must be exceeded to develop orientation isc

very low, in accord with the data on t''(w) . t7, which shows that 17'(w)

has not attained its limiting value of 70 at low w over the range studied.

Ribbons were formed with the solution of PBT in PPA using

methods described in part III of this report. These were supplied to

Professor E. L. Thomas, University of Massachusetts, for evaluation.
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Figure 31 VI' J' and J" versus frequency ao for a

solution of PBT in PPA (10% polymer by
weight). The data are for temperature

of 28 0 C (no pips); 89 0 C (pips left);

102*C (pips up); and 1450 C (pips right).
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Figure 32 Creep and recoverable compliance

for a solution of PBT in PPA (10% polymer by

weight), temperature 91.5*C.
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5. RHEOLOGICAL AND RHEO-OPTICAL MEASUREMENTS ON PBT IN

METHANE SULFONIC ACID SOLUTION

Rheological and rheo-optical measurements have been carried

out with solutions of PBT-53 in methane sulfonic acid (MSA). The rodlike

polymer has a weight average contour length L of 120 nm, and undergoesw

a phase transition from optically isotropic to anisotropic solution as

shown in Fig. 33. Also shown in Fig. 33 are the temperature-concentration

combinations used in the rheological or rheo-optical studies. As may be

seen in Fig. 33, the concentration cp for the formation of a stable nematic

phase is temperature dependent.

5.1 Steady-State Behavior

5.1.1 Viscosity And Recoverable Compliance

Plots of t7l7 and R /R0 v/s x for the three solutions are

shown in Figs. 34-35. The 2.59% solution is well below the critical

concentration required for a phase transition to an ordered solution.

The 3.23% solution, isotropic at rest at room temperature, is expected

to change to a biphasic or nematic solution on cooling. The 4.27% solu-

tion is ordered at rest at 250 C, and does not undergo a transition to a

disordered solution, over the range 1200C < T < O°C. The flow curves of

these solutions are representative of the three different kinds of

behavior, I, II and II, already discussed at length in previous report.o

The apparently anamolous behavior of the nematic solution is due

actually to an experimental limitation, as discussed below.

The behavior of the isotropic solutions(100w2 equal to 2.55 at all

temperatures studied, and 3.23 at 600C, see Fig. 33) conforms closely to
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the pattern observed previously in this laboratory, and will not be

discussed in detail. Both functions Q and P are unity at low T c X, and

decrease with increasing Tc X, both being universal functions T x over

the range of temperature and concentrations studied. The former is

41~
fitted reasonably well by a calculation given by Cohen based on modifi-

42
cation of a theoretical treatment by Doi and Edwards. No comprehensive

theory is available for P as a function of T cx, but it is known that

for Tcx less than about 10, P often is similar to R (t)/R evaluated at
c0 0

-I
t = x- , revealing the fundamental relation of P to the linear relaxation

spectrum in this range of r x.

The solution with 100w2 = 3.23 is close to the biphasic range

at 430C, and is nematic below 30 C. As seen in Fig. 35, the behavior of

Q at low T X reveals the proximity to the biphasic range at 43°0C, possibly

due to flow induced phase transition. The data for P versus T x do notc

reduce as well to a single curve as is observed for the solution with

100w2 = 2.55, possibly due to the effects of the phase transition, but

are close to the behavior observed for the lower concentration solutions.

By contrast, for the fully nematic solution with 100w = 4.27, the shift

in P reflects a basic change in the distribution of relaxation times; a

change that is only slightly reflected in Q, which is still similar to

the behavior for the isotropic solutions (see Fig. 36). In previous work,

Q has been found to increase with decreasing T X following a plateau near

T x 1. The behavior at low T x < ca 0.01 has been attributed to domain
c c

structure in the nematic fluid. The failure to find such behavior in

Fig. 36 may be due to the lack of data at low TcX, or may indicate that

the domain structure of the solution studied was less well-defined than
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usual.

Values of R0 , 70 and Tc are given in Table 16 for the three

solutions described above, along with similar data for three other

solutions in the same range of concentration, and four solutions with

much lower concentrations. The former were obtained by creep and

recovery, and the latter from measurements of J'(w) and J"(w) at low w

through application of Eqns. (70-73).

The theoretical model of Doi and Edwards mentioned above also

yields the Rouse-like result

Ro= 5W5pw2RT (109)

for isotropic solutions with low concentration (using the relation

R0 = SO), with p the density. The data for the four solutions with

100w in the range 0.15 to 0.35 are in accord with the inverse concen-

tration dependence given by Eqn. (109), but give w2 R0 = 10-5 c2/dyn in

-6 2
comparison with 1.2 x 10 cm /dyn calculated with Eqn. (109) for PBT-55.

Reasons for this descripancy may include molecular weight polydispersity,

or the effects of intermolecular association.

The dependence of 10 and R0 on w2 for the solutions with

4o
100w2 > 2 is similar to that reported in detail elsewhere.

5.1.2 Flow Birefringence

The steady-state flow birefringence has been studied for six

optically isotropic solutions. Values of Tc were also determined by

independent measurements. For four solutions, with 100w2 equal to 2.55,

2.80, 2.94 and 5.17, n l5 was determined at several temperatures (10 to
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TABLE 16

RHEOLOGICAL DATA FOR PBT-53 IN METHANE SULFONIC ACID

100 w2  T T0 10 3 R0 105W2Ro c

0.145 24 1.45 7 .0(a) 1.02 0.0102

0.208 24 3.45 4.7 0.98 0.0163

0.282 24 5.8 3.72 1.05 0.0216

0.350 24 7.45 2.96 1.04 0.0225

2.55 12.5 3.2 x 104 2.0 5.10 64
23 2.2 1.8 40
30 1.32 1.7 22
40 0.91 1.6(b) 15
6o o.43 1.5 6,5

2.80 40 3.45 1.4 3.92 48
60 1.74 1.27 20

2.94 21 8.0 2.0 5.9 152
40 3.48 1.65 58

3.17 40 10.2 1.75 5.5 180
6o 3.0 1.70 51

3.23 10 11 3.0 330
19.5 5.6 2.5 8.1 14o
43 23 2.0 46
60 1.1 2.0 22

4.27 10.5 15 3.0 45o
23 11.4 3.0 12.8 340
43 7.0 3.0 210

(a) Estimated from w2 R0 = 10-5 based on data for 100 w2

equal to 0.208, 0.282, and 0.350.

(b) Estimated as R0 = using 10 and Tc from flow

curves.
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600C) using the parallel plate geometry, and as mentioned in the preced-

ing T c was calculated from R0 and t0 determined by creep and recovery

measurements. For three other solutions, with 100w2 equal to 0.145,

0.208 and 0.282, An l2 was determined at 240C using the concentric

cylinder geometry, and Tc was calculated from R0 and n, determined from

J'(W) and J"(w) at small Tcaw (see Eqns. 70-73). With the lower concen-

tration solutions, x was essentially i-/4 over the range of x studied.

Values of R, 10 and the resultant Tc are given in Table 15.

In correlations of data in the nonlinear response range,

Eqns. (86) and (87) are often rewritten with 7 and So replaced by tM

and S respectively, to approximate the effects of nonlinear behavior

in the birefringence.2 These substitutions give

Al3 Y2C'R0"1 NQ(T c )2  (110)

with

C' =c(cot 2x)I)sj, (111)

and for small Tc x, for which X is essentially IT/ 4 ,

Inl2 \ 2C' 0-Q(T c X) (112)

It appears that C' so defined is often independent of xJ, even for cX

greater than unity. 43
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Bilogarithmic plots of Asn1 3 c/( cX) 2 and An1 2 c/ c x versus

Sc x are given in Fig. 37, where c is the solute concentration (g/ml).

The results show that a) Tcx is a useful parameter to correlate the

data over the range of concentration and temperature examined, and

b) that the limiting behavior of 6Nnl2 /.rx (or ALnl3/(r )c2)) is not

reached until Tc < 0.2. Since neither x nor N were determined in this

study, we have examined a variation of Eqn. (110-112) given by

Anl1 = C"R 01 PQ22(' )2 (115)

where An1 2 = 2C"R0-1Q c- (114)

ca = C'N/P (115)

is expected to equal C as P = N and C' = C and Eqn. (114) is to be used

only for xP, n/ 4 . Although N and P need not be equivalent for large

Tc X, they should approach each other for small Tcx, so that C" and C

should be equal, at least for small Tc x. The bilogarithmic plot of

An13 /CPQ2 (Tcx)2- shown in Fig. 37 reveals that 2C"(R 0 c) "1 tends to a

constant for Tc% greater than about unity. For smaller TcX, 2C"(R 0c)-I

increases with decreasing Tr X in the range studied reaching a limiting

value about two-fold smaller for T x < 0.02.c

Since normal stress data are not available, we do not know

whether deviation of C" from C is related to failure of Eqns. (110-II4)

or to deviation of N from P. Most experiments designed to evaluate C'
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have been confined to the range T X > 1, owing to the difficulty ofc

measuring small normal forces. In that range, C" measured here is

nearly constant, but smaller than its value for T c < I. In the latter
2c

range, the limiting value of A~n13 /C(crX)2 (or Anljc TcX) is 0.09 ml/g.

It is of interest to compare this estimate with the result expected for

a dilute solution of rodlike molecules, for which

lim 6n/c = (2/5)(A6nJc)TcX (116)
T X=Oc
c=0

where An /c is given by

Anc = 3 5 (ýn/?c) (117)

with 8 and (ýn/Bc) the molecular anisotropy and refractive index incre-

ment, respectively, of the polymer in solution. The latter may be

expressed in terms of the principal refractive indices nI and n2 through

the parameters

2 2n.-n
4i-'rg -

g l+(n 2-n 2)L./ 4T"fl (118)

as

_ = (gl-g 2 )/(gl+2g2 ) (119)

(ýn/•c) = (27/3ns)(gl +2g2 )v (120)"
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Here n is the solvent refractive index, v is the partial specifics

volume of solute, and the form factor Li is given by L1 = 0 and L2 2•

for rods. Values of 5 and ýn/ýc are 0.6 and 0.55 ml/g, respectively
".5

for PBT in methane sulfonic acid, and, apparently, n1 • n 2  , n 3

These data give iAn~c equal to 1.0 ml/g for PBT in methane sulfonic acid,

or 0.4 ml/g for the limiting value of Anl/C(¶c X)2 or Anl 2 /Cc X, in

comparison with the observed value of 0.009 ml/g. It may be noted,

however, that the observed value of AnnJc is inversely proportional to

the estimate for Tc, which in turn is proportional to R0 and that the

behavior of these quantities for small w2 is strongly weighted in the

estimate of LAnJc. It was noted above that R0 was ten-fold larger than

expected theoretically. It may be that this same descripancy is reflected

in the reduced value of nnWJc in comparison with the estimate expected

with Eqn. (115).

In any case, the behavior displayed in Fig. 37 shows that

appreciable orientation is induced in shear flow for T cx > 1, with ac

useful approximation to An1 2 being given by the relations

'An12 2C"R01 Q cx/sin2) (121)

•n13 0 0 1Q cz cot 2X (122)

cot 2X PQT c X (123)

It may be noted that sin 2( calculated with Eqn. (121) does not vary too

much with T X; e.g.,
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sin 2X = [1+ cot 2 2X]-1/2 (124)

increases from 1 to 1.4 over the range of Tcx studied for the data shown

in Fig. 37. An estimate for the orientation is

An /An (cos 2e>-I (125)
12 •/ 2

where 0 is the angle between the rod axis and the flow direction. In

this case, (cos2 0> is given by

3(cos-2  
.An £l+ CPQ X)2  1/2

, - = -(126)
2 An PQT X(2

For example, for T X = 30, the data in Fig. 37 give (cos2 0> equal toc

0.989 or arccos[(cos 2)>1/2 equal to 6 deg, showing that orientation in

flow is well developed at easily accessible TcX.

5.2 Creep And Stress-Growth Behavior

According to Eqns. (91) and (92), the stress-growth behavior

for deformation at constant X can be used to define a time constant TN,

provided measurements are carried out in the linear response range

(TCx << 1). Values of TN so determined are plotted as a function of

T in Fig. 38. The data show that for the isotropic and nematic solu-c

tions examined, Tc/TN is approximately independent of concentration c

and equal to 7. This is surprising in two respects: I) it might have
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been anticipated that Tc/TN would differ for isotropic and nematic

solutions, and 2) the ratio Tc/r = 7 is about 2-3 times larger than

the value usually found with flexible chain polymers. The latter

result may be implicated in the deviations noted above in comparison

of experimental and theoretical values of R0 and AnnJc.

The creep compliance J (t) is given for several levels of

the applied stress in Figs. 39 and 40 for isotropic and nematic solu-

tions. These curves are plotted as the time-dependent strain 7(t)

divided by the stress a against t/Tc. As may be seen in Figs. 39 and

40, data for J(t) coincide at low values of t for all a. For low

values of a, the curves are identical at all t. As a increases, the

curves deviate and the value of y(t) (= aJ(t)) at which deviation starts

to occur is called the critical strain 7*. This parameter has been

shown experimentally to be independent of a for solutions of flexible
30b

chain polymers. In those studies, it was found that 7* is proportional

-i
to c . The data in Fig. 41 show that a similar relation obtains with

46
the PBT solutions, with Y* = 3.4/c. As will be shown elsewhere,

y* can be related to the moments

ii (127)

1]1

of the distribution of relaxation times, (e.g., Tc = T(2) and TN = T(1)

so that the inverse dependence of y* on concentration reflects varia-

tion of the distribution with c, even though Tc/N = T/(2I)/T(1) is

nearly independent of c as shown above.
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This critical strain 7* has a significance in the processing

of these solutions into film and fibers. In order to achieve a reason-

able degree of orientation, the solution has to be subjected to a strain

greater than 7*. In other words, the product of the shear rate X, and

the time of its imposition t has to be greater than 7* to obtain a well

oriented solution in flow.

With flexible chain polymers, the stress-growth behavior for

deformation at constant x with T x > 1 displays two features related to
c

) t(t) = a(t)/x is independent of x for all t < td,

where Xtd P constant, and

2) for large enough x, 1(t) exhibits a maximum for

t = tmY such that XtM P constant.

For flexible chain polymers,, xtM/2 'Xtd '*. 46

These features are noted for the stress-growth data given in

Fig. 42 for a nematic PBT solution. Values of td and tM are plotted as

functions of x in Figs. 43 and 44, respectively, for three different

solutions. The results in Fig. 43 show that xtd - y*. The values of

= XtM obtained from Fig. 44 are included in Fig. 41, where it is seen

that 7 . 27* as is often observed with flexible chain polymers. These

results indicate that for PBT solutions, the important parameter 7* can

be estimated from 7y to complement the creep behavior, which requires the

use of special rheometers not widely available.

5.3 Stress And Flow Birefringence Relaxation

The loss of birefringence after steady-state flow is directly

related to relaxation of the flow induced orientation. This is obviously
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of considerable interest in the processing of these solutions into

oriented films and fibers. The relaxation of the birefringence after

steady-state flow can be monitored using the intensity method with a

strip-chart recorder attached to the detector.

A semilogarithmic plot of the ratio of the transient bire-

fringence to the steady-state value A results in curves such asZ0

that shown in Fig. 45. Using a method commonly employed in the analy-

sis of stress relaxation of flexible polymer solutions,14 the relaxation

curve can be approximated by a sum of discrete exponentials to obtain

relaxation times and their corresponding weights, as defined by Eqn. (96).

This same procedure is applied even in the range for nonlinear behavior,

even though Eqn. (96) is formally intended only for linear response, and

stress relaxation data are similarly treated. The results for a PBT

solution at 210C (100w2 = 2.94) for which Tc = 152 s and T. = 32 s are

given in Table 17.

It may be noted that X(2)/A(l) is generally smaller than

T(2)/(l1) for the stress relaxation, and that both experiments have

appreciable fractions of a rapidly relaxing component (e.g., T3 and X3).

The relative contribution of this fast component increases with increas-

ing rcx. The rotational diffusion time constant TR for a rodlike chain

in a very dilute solution is given by1
47

0 15 M1J73128
TR RT (18)

where t7 is the solvent viscosity (0.1 p for MSA at 25°C) and [t] is
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the intrinsic viscosity (1400 ml/g for PBT-53). For PBT-53, T 0 is

calculated to be 2 ms, much less than the fastest relaxation times

reported in Table 17. This is in contrast with a suggestion of Doi

and Edwards that well oriented solutions should exhibit a fast relax-

0
ation with time constant of about equal to T since the orientation

reduces intermolecular contacts. If relaxation occurs on time of order

0
T R it appears that its contribution to the overall relaxation is small

for the solution studied here. The implications for maintaining a well

oriented solution following solution processing are clear-coagulation

must take place on a time scale of order 10 4 or 1-10 sec for PBT in

methane sulfonic acid.
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TABLE 17

RELAXATION TIME CONSTANTS OBSERVED

FOR A PBT-53 SOLUTION (a)

Stress Relaxation(b)

T c% G I T' G2 TL5 G 3 T'.(1) .T(2)
(sec) - (see) _ (sec)

0.763 0.24 2o8 0.-33 48 o.42 (7) 69 163

1.92 o.14 208 0.36 48 0.50 7.0 50 138

3.83 0.10 5 174 0.35 41 0.545 8.7 37 105

7.63 o.o4 232 0.275 46 o.685 7.8 27 102

...n _ . Relaxation(c)

"T Xl nn2 n3  X 3  X(1) X(2)

- (sec) (sec) (sec) (sec) (see)

6.92 o.61 122 0.730 23 0.09 10 82 112

10.38 o.42 135 0.36 28 0.22 5.2 68 117

12.94 0.35 138 O-34 24 0.731 4.0 58 120

28.27 0.25 131 0.30 23 0.40 4.3 44 108

56.85 o.16 123 0.19 23 o.65 3.9 27 95

(a) 100w2  2.94, temperature equal to 210 C, •c = 1525

(b) G. are normalized by the steady-state stress

(c) n. are normalized by the steady-state birefringence
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III. SOLUTION PROCESSING OF RODLIKE POLYMERS INTO RIBBONS

A.-F. Charlet and G.C. Berry

1. INTRODUCTION

Ribbons of rodlike polymers, such as poly(p-phenylenebenzobisthiozole),

PBT, and the ladder polymer poly [( 7-oxo-7, 10 H-benz-tde] imidazo [4 1, 51:

5,6] - benzimidazo -(2,1 - a) isoquinoline - 3,4 : 10,11 - tetrayl) - 10 -

carbonyl 1], BBL, have been prepared from solutions in polyphosphoric

acid, PPA, and methane sulfonic acid, MSA, respectively. Because of the

high viscosity of the solutions in PPA, flow induced orientation could be

maintained even without coagulation. The orientation of such ribbons

could later be increased during tensile creep. X-Ray diffraction patterns

obtained for ribbons prepared under different formation and post-formation

processing conditions will be discussed below.
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2. FABRICATION OF RIBBONS OF ROD-LIKE POLYMERS

2.1 Apparatus

The Wong Ribbon Fabrication Apparatus has been improved by adding a

heat exchanger to permit operation over a wider range in temperature; in

our studies, water was used as heating fluid, and the temperature was kept

at 80'C. A schematic drawing is shown in Figure 46. The solution of

PBT is warmed to 160*C in cnntainer C and then pushed by nitrogen pressure

through the stainless steel tube T, into the 4.75 mil gap between the

moving Mylar tape and the stationary shear plate.

BBL solutions were not very viscous, and a 2 ml syringe was used to

lead them into the gap, at room temperature. The shear rate K is adjusted

by controlling the velocity v of the tape with a motor M:

Sv (129)

where I is the distance between the tape and the stationary shear plate;

v was in the range of 0.01 to 1 cm/s.

The total strain 7 is constant and given by

L
y (130)

where L is the length of ribbon subjected to shear stress; here, L = 6 cm,

A = 0.012 cm so that y = 500.
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A coagulation bath B was used in some cases.

2.2 Solutions

2.2.1 PBT In PPA

Five solutions described below were provided by Celanese Research Co,

Number of Reference Reaction Mixture Number Concentration
in wt %

28555-28-1 2895-32 2.95%

28555-29-1 3271-17 3.9 %

28555-29-2 3271-17 7.8 %

28555-28-2 2895-32 9.2 %

SRI - PBT 3271-15 10 %

All solutions have been degassed for a few days under vacuum at

120'C for 2.95% and 3.9% solutions, 160*C for 7.8% and 180'C for 9.2%

and 10%. These temperatures were chosen to facilitate the degassing

process. As a result of the high viscosity at lower temperatures, gases

escaped very slowly and had a tendency to expand, increasing the solution

volume rather than to diffuse through it.

The solutions with concentration 3.9% and 7.8%, coming from the

same reaction mixture 3271-17 formed a kind of gel after heat treatment

and did not flow. Moreoverp a white precipitate appeared--these materials

were not processed.

Ribbons either uncoagulated or coagulated, obtained from the three

other solutions are listed in Table 18 and Table 19. For easy reference,

each sample has been attributed a number; the digits before the dash
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give the approximate concentration in weight %; the digits after

the dash come from graduations of the regulator used to control

v, and vary almost linearly with v. Designations and U C refer to

samples prior to coagulation and after coagulation, respectively.

TABLE 18 TABLE 19

UNCOAGULATED RIBBONS RIBBONS COAGULATED IN WATER

Number v K Number v(cm/s) (s-1) (cm/s) (s~l

Concentration = 2.95% Concentration = 2.95%

3-60 U 0.016 1.33

3-80 U 0.040 3.33

3-100 U 0.060 4.97 3-100 C 0.060 497

Concentration = 9.2% Concentration = 9.2%

9-540 U 0.63 52.22 9-540 C 0.63 52.22

9-733 U 0.85 70.45

9-1000 U 1 82.88

Concentration = 10% Concentration = 10%

10-100 U 0.064 5.30 10-100 C 0.064 5.30

10-130 U 0.078 6.46 10-130 C 0.078 6.46

10-150 U 0.1 8.29 10-150 C 0.1 8.29

10-200 U 0.114 9.45 10-200 C 0.114 9.45

10-230 U 0.155 12.84 10-230 C 0.155 12.84

10-280 U 0.217 17.98 10-280 C 0.217 17.98
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When starting an experiment, the velocity v was set at an

arbitrary value and eventually varied; its limits were imposed by

experimental conditions: as v was decreased, the tension on the

Mylar tape increased until the point where it broke; as v was

increased, the width of the ribbon formed decreased until no

material came out at all.

In general, solutions were greenish. Uncoagulated ribbons are

yellow if dry, but became orange on adsorption of moisture from the

air. Once dry, coagulated ribbons, also orange, show blue reflec-

tions, possibly due to orientation.

After processing, ribbons were kept in a dessicator with a

drying agent.

With the 2.95% solution, interchain forces were too low to

maintain ribbons, which mostly split into fibers. Only a few

specimens were obtained, but disorientation occured on storage; the

ribbons collapsed and spread into large spots.

2.2.2 BBL In MSA

In Table 20 are listed ribbons obtained from solutions of BBL

in MSA prepared at Carnegie-Mellon University. BBL was provided

by F.E. Arnold, (Polymer Laboratory, Wright-Patterson Air Base, Ohio).

Before use, it was dried under vacuum at room temperature for three

days and then mixed with distilled methane sulfonic acid and stirred

until homogeneous.
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TABLE 20

CONDITIONS FOR RIBBON FORMATION

Sample Concentration v K-I Coagulant
Number in wt % cm/s s

1 3.58 % 0.5 41.44 H20

2 3.58 % 0.5 41.44 H2S04 5% (by wt)

3 5.84 % 0.5 41.44 H20

4 5.84 % 0.2 16.58 H20

For sample 1, coagulation was too fast and the ribbon adhered to the

Mylar tape; the latter had to be dissolved, an appropriate solvent being

phenol; the ribbon was then thoroughly washed with acetone and water.

Sample 2 was to be coagulated with 20% HSO4 solution, but since

coagulation was not complete at that acid level, the concentration had

to be reduced to 5% to obtain coagulation as seen from the change in

color of the ribbon.

All solutions were dark red; dry coagulated ribbons appear to be

golden brown and shiny.

Observation of the ribbon through crossed polarizer and analyzer

did not reveal any birefringence. No orientation was seen from X-Ray

diffraction analysis in the conditions of exposure, i.e., with the X-Ray

beam perpendicular to the plane of the ribbon; it would be interesting

to take X-Ray diffraction films with the beam parallel to the plane of the

ribbon, to see if any, interplanar orientation might exist in the plane of

the ribbon.

BBL ribbons are very brittle and no creep experiment was performed

since all samples broke in a direction perpendicular to the long axis

of the ribbon.
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3. TENSILE CREEP AND RECOVERY

3.1 Apparatus

A detailed description of the tensile creep and recovery apparatus

has been given previously.48 A schematic drawing of the apparatus is

given in Fig. 47.

The sample, usually 4cm long, is held between two clamps, the

lower clamp being fixed and the upper clamp attached to the bottom of a

thin walled Invar tube. This tube terminates in the core of a linear

variable differential transformer (LVDT), which is attached to a fine

wire. The force is supplied by applying a weight on the other end of

the lever arm; 50 and 100 g were used; additional weight was added

to eliminate bows in the sample, especially for coagulated ribbons.

Change in length of the order of 10 cm is detected by the LVDT. The

entire apparatus is enclosed in glass and the environment can be controlled;

all experiments reported here were done in nitrogen with a partial

vacuum of 30 cm Hg, at room temperature. Another LVDT mounted in series

with the first one but outside the glass is used to determine the

calibration constant k found to be 0.0101 cm/mv.

3.1.1 Results
Tensile creep and recovery will be described below for uncoagulated

and coagulated ribbons of PBT formed from solutions with 9-I0Y7 polymer.

The X-Ray diffraction results to be discussed in the next section, show

that the ribbons processed from the 2.95% solution are nearly unoriented.

However, the X-Ray pattern was taken after the uncoagulated sample

was stored for one week, and during this time, disorientation
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could have occurred. This can be true for the coagulated sample too.

Since coagulation was done after some days of storage. The tendency for

failure under very small tension or torsion (after two weeks of storage)

discouraged attempts to perform creep experiments with coagulated and

uncoagulated ribbons. Breakage occurred, as for BBL, in the direction

perpendicular to the long axis of the ribbon both uncoagulated and

coagulated ribbons. None of these samples exhibited birefringent behavior

when examined about two weeks after formation.

3.1.2 Young's Modulus

The Young's modulus E (in g/den) is given by

E (131)e

where a is the stress (in g/den) and e the strain:

W (132)wL
L

(133)

Here W is the weight loaded on the specimen, which has weight WL per 9,000 m,

jo is the length of ribbon between the clamps (in cm), and U• is the change

in length read from the recorded curve calculated from the change Av in

the recorder responses:

U = kAy (134)

where k = 0.0101/s (cm/mv) with S a scale factor (S = 0.5,1,2,4 or 8).

A series of weights ranging from 10 to 100 g was applied to the sample
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and for each weight, E was calculated; the average value is reported

in Table 2L. The sample was allowed to creep for one day with a 100 g

weight applied, and recover overnight. Then, another series of weights

was applied to determine E again. E was found larger in most cases

after creep and recovery, except for 10-150U and 10-280U samples that

exhibit a decrease in E. This is unexpected behavior and should be

checked as it could arise from experimental error.

For four samples, 9-540 U, 9-733 U, 10-P80 C and 9-540 C, E increased

by 40 to 50%; however, these results give too large a value for

E after creep because of an error in calculation of the denier of the

sample. The entire sample was weighed after creep. It was later found

that solvent was lost by contact with polyethylene sheets on which ribbons

were stored and on the clamps, thus leading to an error in the estimate

for denier. As a consequence, the factor of about 10 between the concentra-

tions of polymer in uncoagulated and coagulated ribbons processed at the

same v is not maintained for E. To eliminate this error, only the central

part of the sample was weighed after being left under the vacuum for one

day to eliminate residual humidity.

It can also be noted that the increase in E is more important with

uncoagulated ribbons than with coagulated ones. This is reasonable since

solvent promotes chain mobility, permitting orientation in the elongational

stress field.

Results for E do not appear to be related coherently either to the

velocity of the tape, particularly for uncoagulated ribbons, or to the

deniers Although great care was taken in choosing the samples in the

central part of the ribbons, there are large differences in E from one

sample to another. Thesecould arise from a vafiation in the structure of

the ribbon due to an irregular flow of the solution. Thickness would

be the most affected.
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TABLE 21

PROPERTIES OF PBT RIBBONS

Sample Deniers E (a) X Ray (c) E (b) X Ray(c) Relative
Number (g/den) pattern (g/den) pattern Change in E

10-100U 1102.5 47.3 - Sample broke -

10-150U 1025.6 35.6 0 34.0 Sample lost -2.8%

10-200U 967.5 6 5 .7 (d) 0 8 7 .5 (d) 0 +33.2%

10-280U 994.2 8 1.2(d) 7 5 .5 (d)-7%

9-540U 789.5 34.6 - 49.2 - +42.2%

9-733U 472.5 63 .6(d) 0 8 8 .0(d) 0 +38.4%

9-1000U 680 42.0 - 53.3 - +26.8%

10-100C 360 241.0 298 +20.0%

10-130C 321.4 186.6 230 +23.5%

10-200C 340.5 204.3 249.5 +22:1%

10-280C 260.5 223.4 307.0 +37.4%

9-540C 402.6 171.4 255.7 +49.2%

(e) 10-130" 165.7 506 0 597 0 +18%

(e) 9-540* 460 0 ---- 0

(a) Average value of E calculated with the first series

of weights added before creep and recovery4.

(b) Average value of E calculated with the second series

of weights added after creep and recovery.

(c) See section IV.

(d) These values have to be regarded with caution; see text.

(e) See section II 2 and 3, OTHER EXPERIMENTS.
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3.1.3 Tensile Creep Compliance

Plots of the tensile creep compliance D and the recoverable compliance

DR, versus time are given in Figs.'48-51. D and DR are of the order of

10-2 den/g for uncoagulated ribbons and 10-3 for coagulated ones; both

increase slightly over the period of time extended to four decades.

Although the E (t) curves would suggest a solid-like behavior, there is

not complete recovery. As would be suspected, PBT recovery is faster

and more complete for coagulated than for the uncoagulated precursor.

Linear viscoelastic behavior would exhibit the same initial jump in

strain for creep and recovery, and thus the same value for the initial

tensile creep and recoverable compliances. This is not observed for the

samples studied here. The jump obtained for the recovery is close to

the one obtained subsequently in creep when the

second series of weight was added, as shown in Table22 (10-150 U is an

exception). These result indicate that some of the orientation gained

during creep persists after recovery, resulting in a higher modulus for

the ribbon in subsequent deformation.

3.1.4 Other Experiments

As E was increased after creep, another type of experiment was

devised. Some samples were allowed to creep for one day and were then

coagulated in water with the 100 g weight still applied. Contact with

water resulted in shrinkage almost immediately and splitting into fibers

or two ribbons due to the constraint to shrinkage in the neighborhood of

the clamps. These samples will be labelled with a star (*). After

drying the sample, creep and recovery was performed and E calculated.
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TABLE 22

CREEP AND RECOVERY DATA

Sample (a)D x 102 (b)DR x 102 (c)D x 102 Relative difference

den/g den/g den/g between (b)DR and (c)D

10-100U 2.10 1.17 ---

10-150U 3.32 1.72 2.94 +70.9%

10-200U 1.39 0.98 1.14 +14%

10-280U 1.21 0.86 1.32 +32%

9-540U 2.35 1.92 2.03 +5.7%

9-733U 1.55 1.10 1.14 +3.6%

9-1000U 2.20 1.73 1.87 +8.1%

10-100C 0.403 0.328 0.335 +2.1%

10-130C 0.497 0.420 0.435 +3.4%

10-200C 0.497 0.390 0.401 +2.8%

10-280C 0.456 0.325 0.326 4+0.3%

9-540C 0.571 0.389 0.391 40.5%

10-130* 0.186 0.165 0.167 +1.2%

9-540* 0.206 0.185 ----

(a) Initial tensile creep compliance

(b) Initial Recoverable compliance

(c) Tensile creep compliance calculated as I after creep and recovery
E

when the second series of weights is added.
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Two samples, 10-200* and 10-I00* split into fibers and broke when

clamped in a direction perpendicular to the long axis of the ribbon.

PBT 9-540* gave a very encouraging result, since E calculated

was 460 g/denier, i.e, 2.7 times greater than the Young's modulus

found for the same sample coagulated, 9-540C, without the intervening

creep. (This sample recovers up to 90%, Table 22).

Creep was performed on half of a fourth sample, 10-100* after it

had split into two parts along the long axis of the chains. To avoid

breakage, only a 50 g weight was added for the creep experiment. The

average value for E before creep is 500 g/den, and E after creep is 597

g/den i.e, respectively 2.7 and 2.6 times greater than the values

obtained for 10-130C sample.
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4. X-RAY DIFFRACTION

Oriented polymers exhibit typical X-ray diffraction patterns,

already discussed by Berry.

Films show characteristic sets of arcs with Bragg's spacings found

to be 3.45A0 and 5.17A°; comparing with results reported by Berry on BBB,

3.45A0 would arise from interplanar distances and 5.17A0 from interchain

spaces in a same plane; 15A0 was not seen in the conditions of exposure.

The 5.17A* is smaller than 8A0 found for BBB; this is not surprising

since PBT repeat unit is not as wide as BBB.

4.1 Experimental Comditions

A flat camera was placed at 6 cm from the specimen with the X-ray

beam coming perpendicularly to the plane of the sample. Exposure time

was set to 20 hours except in some cases where it was increased to 40 or 60

hours. The X-Ray beam was produced with a copper target. The tube power

was set to 700 w (35 kV, 20 mA).

4.2 Results

A 20 hours exposure gave nothing with 2.959 ribbons but with two

ribbons stuck together, and a 60 hour exposure time, a very faint ring

appeared at 3.45A0 ; this suggests that the chains are little oriented

in the plane of the ribbon, at the time of experiment, i.e, after one

week storage, but that no further orientation occured. Chains do not

appear to be regularly arranged in a same plane, and 5.17A0 ring was

not seen (see Fig. 52).
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A film was taken for each PBT sample listed In Table 21, and for the

* labelled samples before and after creep experiment; usually, 2 sets

of arcs were characteristic on these films, with a varying intensity and

shape according to the orientation.

Two kinds of patterns were obtained; the first kind, indicated with

a line in Table 21, shows fine, thin, sharp arcs, and by comparison with

E values, it is seen that they correspond to samples with Young's

modulus; in the low end of the observed range. This is illustrated in

Fig.53a, (10-100U). In the other patterns, arcs have become shorter

in the longential direction, and more spotty. Such patterns are indicated

by a circle in Table 21; and occur when E is high. An example is shown

in Figure 54 (10-200U after creep) and figure 10 (9-540*); 10-130* also

gave this kind of pattern.

Most of the time, especially noticeable with uncoagulated ribbons,

films are much more intense and sharp after creep; see Figure 53 a and b

(10-100U). If present at all, such effects are less pronounced with

coagulated ribbons. Surprisingly, these latter give a faint pattern

built up with very large spots instead of fine arcs. This change could

be attributed to solvent which can act as side chain and so increase

the number of diffractant centers giving same Bragg's spacings as PBT.

Another reason is that coagulation can result into distruction of

of centers of diffraction, due to rupture of some chains and decrease

intensity of X-Ray films.
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5. CONCLUSIONS

The special processing used here to fabricate oriented ribbons is

promising for PBT; further studies should involve fabrication of ribbons

at higher and lower shear rates, with improvement in the regularity and

reproducibility of the samples. A measurement of the intensity of X-ray

patterns would be necessary to relate the results with E values. It

would be worth it to go on research with the * labelled samples for their

Young's modulus seem to be greatly increased.
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Figure 47 Schematic drawing of tensile creep apparatus.
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Figure 51 Creep and Recovery for PBT ribbons
given post formation creep treatment
prior to removal of PPA solvent.

Data are for ribbons after removal
of PPA:

a) 10-130*

b) 9-54o*
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Figure 52 X-ray diffraction from ribbon
PBT 3-100 U. Specimen 6 cm
from film.

(a) (b)

Figure 53 X-ray diffraction from ribbon PBT 10-100 U;
a) before creep; b) after creep and recovery.
Specimen 6 cm from film with ribbon axis ver-
tical and x-ray became perpendicular to the
plane of the ribbon. Major equatorial reflect-
ions are at 3.45 and 5.17 A.
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I A

Figure 54 X-ray diffraction from ribbon
PBT 10-200 U after creep and
recovery. Conditions are as
specified in Fig. 8 caption.

i ..........
Figure 55 X-ray diffraction from

ribbon PBT 9-540* after
creep and recovery.
Conditions are as speci-
fied in Figure 8 caption.
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